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Preface to the 7th Edition

This seventh edition of Grossman’s Cardiac Catheterization,
Angiography, and Intervention represents a major milestone
in the history of this text: After 30 years of brilliantly
shaping this book since the publication of the first edition
of Cardiac Catheterization and Angiography in 1974, William
Grossman has stepped down as its coeditor. His legacy,
however, remains clear in the title of the book, in the
content of the hemodynamic chapters, and hopefully in a
lucid style that always seeks to balance theory and
evidence-based medicine with practical technical tips. 

The basic structure of recent editions has been retained,
with sections devoted to general principles, basic tech-
niques, hemodynamic principles, angiographic tech-
niques, evaluation of cardiac function, special catheter
techniques, interventional techniques, and profiles of spe-
cific disorders. But in accord with the major and ongoing
shifts from the use of the cardiac catheter as a purely diag-
nostic tool to an important therapeutic tool, the emphasis
in this 7th edition of Grossman’s has been shifted even fur-
ther toward interventional techniques.

The returning reader will find many major enhance-
ments throughout this edition. Some examples are the
updated treatment of digital x-ray systems and radiation
biology, the enhanced treatment of complications and
adjunctive pharmacology, the fuller discussion of percuta-
neous radial artery approach to left heart catheterization,
and the strengthened treatment of both pediatric and adult
congenital heart disease. Several chapters have been recast,
including those relating to pulmonary angiography and pul-
monary embolism, endomyocardial biopsy, circulatory assist
devices, as well as profile chapters on coronary artery disease,
cardiomyopathy and heart failure. In addition, the interven-
tional section has been totally revamped as pertains to
atherectomy, thrombectomy, and distal embolic protection
devices; bare metal and drug-eluting stents; percutaneous
valve therapies (including new approaches to catheter-based
reduction of mitral regurgitation and percutaneous valve
replacement for aortic stenosis); and the interventional treat-
ment of pediatric and adult congenital heart disease. The
coverage of peripheral vascular disease has continued in
three chapters devoted to the head-to-foot review of diagnos-
tic methods, interventional techniques, and case examples.

These represent only a few of the most prominent
changes introduced in an attempt to capture the major
progress made in this field since the publication of the sixth
edition in 2000. We have also revised and expanded the
companion DVD-ROM compared with that of the previous

edition—it now includes more than 150 digital cases that
show a full spectrum of normal anatomy, anatomic varia-
tions, diagnostic and interventional procedures, and a variety
of complications. This companion DVD-ROM also includes
more than 20 animations that illustrate the principle of
action of various invasive and interventional devices. These
materials are an important supplement and significant exten-
sion of the printed text, and are intentionally encoded in
unprotected standard media formats to enable their extrac-
tion for use in teaching materials or presentations.

The growing clinical use and rapid evolution of inter-
ventional techniques, and the ongoing introduction of
important new methods all underscore the importance of
providing a comprehensive, balanced, and up-to-date
resource in this field. It is my sincere hope that this text
will be one such resource, and prove valuable to both new
entrants to invasive and interventional cardiology (Fellows
and new catheterization laboratory staff) and to the more
than 10,000 practitioners of this specialty worldwide.
Because the pace of development in this area is continuing
to accelerate, readers are encouraged to monitor new pub-
lications and trial results frequently or keep abreast of new
developments in this area through such resources as Up-to-
date www.uptodate.com/index.asp. 

Even while working to provide the latest current infor-
mation, I have tried not to lose the incremental (layer on
layer) historical flavor and theoretical background (includ-
ing approaches that were tried and abandoned) that have
been such an integral part of this textbook. I believe that
this context adds significantly to the reader’s overall under-
standing and can be particularly valuable as discarded pro-
cedures reenter mainstream practice (e.g., trans-septal
puncture)! Most important, I hope that my efforts and
those of the contributing authors to describe the scope and
depth of invasive and interventional cardiology will trans-
late into the better patient care, as invariably stems from an
improved understanding on the part of those who perform
and interpret cardiac catheterization procedures.

Beyond the list of contributing authors, I wish to thank
my many colleagues across the country and throughout the
world whose shared experiences have been woven into
much of the material contained in the book, as well as sev-
eral generations of our Cardiology Fellows for their ques-
tions and research efforts that have led to many of the prin-
ciples and techniques described throughout this book.

Donald S. Baim, M.D.
Boston, Massachusetts
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Preface to the 
DVD Companion to

Grossman’s 7th Edition

The previous (6th) edition of this text included a compan-
ion CD-ROM that contained roughly 40 full-motion
cases illustrating various types of coronary anomalies,
interventional procedures, and complications. At that
time, most cases were captured onto 35 mm cine film and
then transferred to electronic media. During the past 5
years, virtually all cardiac catheterization laboratories
have converted from 35 mm film to DICOM-standard
digital recording (as discussed in Chapter 2), which
allows far easier and higher-quality image migration into
secondary (i.e., non-DICOM) electronic formats. There
has also been progressive penetration of DVD-ROM tech-
nology, with its 8-fold greater memory capacity than the
traditional CD-ROM.

For the current (7th) edition of Grossman’s, we have taken
advantage of both of those technologic advances, to provide
a companion DVD-ROM that contains more than 150 cases
covering an even-broader range of classic findings, specific
procedures (including percutaneous valve and other new
therapies), anomalies, and complications. We have also
revised the presentation format to the now prevalent elec-
tronic slide show containing imbedded movies. Most cases
conclude with a summary of important teaching points, and
references to the particular chapters in the printed textbook.

The cases were generally performed by one of us (DSB or
JJP) unless otherwise noted. 

We cannot predict how you may choose to view these
cases—some readers may find it most useful to review the
clusters of these cases that pertain to certain chapters of the
printed book as they read them, other readers may wish to
review specific case examples related to actual procedures
that they have just or are about to perform, while some very
experienced operators (or those preparing for certifying
exams) may choose to use them as a series of “unknowns”
to test their ability to recognize various findings. Either way,
we can assure you of 2 things: 1) there are procedures, find-
ings, and complications that even the most experienced
operators have never encountered, and 2) failure to delve
into these case examples will limit the overall educational
benefit provided by the 7th edition!

Please feel free to transfer any of the case examples from
the DVD to your own computer for use in educational for-
mats such as cath lab teaching conferences or presenta-
tions at meetings, as long as you acknowledge their source. 

Donald S. Baim
Jeffrey J. Popma

Boston, MA
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General Principles I





1Cardiac Catheterization

History and Current

Practice Standards

Donald S. Baima

Our concepts of heart disease are based on the enormous
reservoir of physiologic and anatomic knowledge derived
from the past 70 years’ of experience in the cardiac
catheterization laboratory. As Andre Cournand remarked
in his Nobel lecture of December 11, 1956, “the cardiac
catheter was . . . the key in the lock.” (1). By turning this
key, Cournand and his colleagues led us into a new era in
the understanding of normal and disordered cardiac func-
tion in humans.

According to Cournand (2), cardiac catheterization was
first performed (and so named) by Claude Bernard in
1844. The subject was a horse, and both the right and left
ventricles were entered by a retrograde approach from the
jugular vein and carotid artery. In an excellent review of
the history of cardiac catheterization, angiography, and
interventional cardiology, Mueller and Sanborn (3)
describe and cite references for experiments by Stephen
Hales and others whose work antedates that of Claude
Bernard. Although Claude Bernard may not have been the
first to perform cardiac catheterization, his careful applica-
tion of scientific method to the study of cardiac physiology
using the cardiac catheter demonstrated the enormous
value of this technical innovation. An era of investigation of
cardiovascular physiology in animals then followed, result-
ing in the development of many important techniques and
principles (pressure manometry, the Fick cardiac output

method), which awaited direct application to the patient
with heart disease.

Werner Forssmann usually is credited with performing
the first cardiac catheterization of a living person—himself
(4). At age 25, while receiving clinical instruction in surgery
in Germany, he passed a catheter 65 cm through one of his
left antecubital veins, guiding it by fluoroscopy until it
entered his right atrium. He then walked to the radiology
department (which was on a different level, requiring that
he climb stairs), where the catheter position was docu-
mented by a chest roentgenogram (Fig. 1.1). During the
next 2 years, Forssmann continued to perform catheteriza-
tion studies, including six additional attempts to catheter-
ize himself. Bitter criticism, based on an unsubstantiated
belief in the danger of his experiments, caused Forssmann
to turn his attention to other concerns, and he eventually
pursued another catheter-related career as a urologist (5).
Nevertheless, for his contribution and foresight he shared
the Nobel Prize in Medicine with Andre Cournand and
Dickinson Richards in 1956.

Forssmann’s primary goal in his catheterization studies
was to develop a therapeutic technique for the direct deliv-
ery of drugs into the heart. He wrote:

If cardiac action ceases suddenly, as is seen in acute shock
or in heart disease, or during anesthesia or poisoning, one
is forced to deliver drugs locally. In such cases the intracar-
diac injection of drugs may be life saving. However, this
may be a dangerous procedure because of many incidents
of laceration of coronary arteries and their branches lead-
ing to cardiac tamponade, and death. . . . Because of such

a William Grossman authored this chapter in previous editions and
contributed much of the historical information.



incidents, one often waits until the very last moment and
valuable time is wasted. Therefore I started to look for a
new way to approach the heart, and I catheterized the right
side of the heart through the venous system” (4).

Others, however, appreciated the potential of using
Forssmann’s technique as a diagnostic tool. In 1930, Klein6

reported 11 right heart catheterizations, including passage to
the right ventricle and measurement of cardiac output using
Fick’s principle. In 1932, Padillo and coworkers reported
right heart catheterization and measurement of cardiac
output in two subjects (2). Except for these few early stud-
ies, application of cardiac catheterization to study the circu-
lation in normal and disease states was fragmentary until
the work of Andre Cournand and Dickinson Richards, who
separately and in collaboration produced a remarkable
series of investigations of right heart physiology in humans
(7–9). In 1947, Dexter reported his studies on congenital
heart disease and passed the catheter to the distal pul-
monary artery, describing “the oxygen saturation and source
of pulmonary capillary blood” obtained from the pul-
monary artery “wedge” position (10). Subsequent studies

from Dexter’s laboratory (11) and by Werko (12) elaborated
the use of this pulmonary artery wedge position and
reported that the pressure measured at this position was a
good estimate of pulmonary venous and left atrial pressure.
During this exciting early period, catheterization was used
to investigate problems in cardiovascular physiology by
McMichael and Sharpey-Shafer in England (13), Lenègre
and Maurice in Paris (14), and Warren, Stead, Bing, Dexter,
Cournand, and others in the United States (15–23).

Further developments came rapidly in the 1950s and
1960s. Retrograde left heart catheterization was first reported
by Zimmerman and others (24) and Limon-Lason and
Bouchard (25) in 1950. The percutaneous (rather than cut-
down) technique was developed by Seldinger in 1953 and
was soon applied to cardiac catheterization of both the left
and right heart chambers (26). Trans-septal catheterization
was first developed by Ross (27) and Cope (28) in 1959 and
quickly became accepted as a standard technique. Selective
coronary arteriography was reported by Sones and others in
1959 and was perfected to a remarkable excellence over the
ensuing years (29,30). Coronary angiography was modified
for a percutaneous approach by Ricketts and Abrams (31) in
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Figure 1.1 The first documented cardiac catheterization. At age 25, while receiving clinical instruc-
tion in surgery at Eberswalde, Werner Forssmann passed a catheter 65 cm through one of his left
antecubital veins until its tip entered the right atrium. He then walked to the radiology department
where this roentgenogram was taken. (Klin Wochenschr 1929;8:2085. Springer-Verlag, Berlin,
Heidelberg, New York).



1962 and Judkins (32) in 1967. In 1970 Swan and Ganz
introduced a practical balloon-tipped, flow-guided catheter
technique enabling the application of catheterization out-
side the laboratory (33). Better radiographic imaging tech-
niques and less toxic radiographic contrast agents have been
developed progressively, as the number of diagnostic
catheterizations has exceeded 2,000,000 per year.

INTERVENTIONAL CARDIOLOGY

The biggest change in the last 25 years has been the return to the
therapeutic potential of the cardiac catheter. In 1977 Grüntzig
and others introduced the technique of balloon angio-
plasty, generally known as percutaneous transluminal
coronary angioplasty (PTCA) (34, 35). With rapid evolving
technology and expanding indications, PTCA grew to
equal stature with coronary artery bypass grafting (CABG)
as the number of annual PTCA procedures grew to 300,000
by 1990 (see Chapter 22). Encouraged by the success of
PTCA but challenged by its shortcomings, physician and
engineer inventors have developed and introduced into clin-
ical practice a panoply of new percutaneous interventional
devices over the past decade. This includes various forms of
catheter-based atherectomy, bare metallic stents, and drug-
eluting stents, which together have largely solved earlier
problems relating to elastic recoil, dissection, and restenosis
of the treated segment (see Chapters 23 and 24). These
newer techniques are usually subsumed (along with con-
ventional balloon angioplasty) under the broader designa-
tion of percutaneous coronary intervention (PCI). Similar
techniques have also developed in parallel for the treatment
of peripheral arterial atherosclerotic disease, which is a com-
mon cause of morbidity and even mortality in patients with
coexisting coronary disease (see Chapters 14 and 26).

The development of percutaneous coronary intervention
has also stimulated the development of other techniques
for the treatment of structural heart disease. Catheter devices
developed to close intracardiac shunts in pediatric patients
have now been adapted to close adult congenital and
acquired defects (see Chapter 27). Balloon valvuloplasty
was developed in the mid-1980s and remains successful for
the treatment of rheumatic mitral stenosis, but because of
early recurrence is now used as a treatment for aortic steno-
sis only in patients who are not candidates for aortic valve
replacement surgery. Newer technologies for percutaneous
aortic valve replacement and percutaneous reduction of
mitral regurgitation are now entering clinical testing (see
Chapter 25).

In essence, these new procedures have made interven-
tional cardiology a new field in cardiovascular medicine,
whose history is well summarized by Spencer King (36),
and the interested reader is referred there for further histor-
ical details. But it is thus clear in the 21st century that inter-
ventional cardiology—by virtue of its new technologies,
potent adjunctive drug therapies, expanding indications,

and improving results—has blossomed. In many ways,
these therapeutic modalities (rather than purely diagnostic
techniques) have now become the centerpiece within the
broad field of cardiac catheterization. Although the emphasis
thus lies appropriately on this dynamic field of catheter-based
intervention, we can ill afford to lose sight of the basic principles
of catheter insertion, hemodynamic measurement, high-quality
angiography, and integration of catheterization findings with
the overall clinical scenario as the foundations on which all cur-
rent interventional techniques are built and from which future
evolution of cardiac catheterization will proceed.

INDICATIONS FOR CARDIAC
CATHETERIZATION 

As performed today, cardiac catheterization is a combined
hemodynamic and angiographic procedure undertaken for
diagnostic and often therapeutic purposes. As with any
invasive procedure, the decision to perform cardiac
catheterization must be based on a careful balance of the
risk of the procedure against the anticipated benefit to the
patient. Indications for the use of catheterization and
coronary intervention in the management of stable angina,
unstable angina, and ST-elevation myocardial infarction
(MI) have been developed by the American College of
Cardiology and the American Heart Association (37–39),
and are available online at �http://www.acc.org/clinical/
topic/topic.htm�. As an example, a summary of the indi-
cations for cardiac catheterization in patients with stable
angina is given in Table 1.1.

The basic principle is that cardiac catheterization is rec-
ommended to confirm the presence of a clinically sus-
pected condition, define its anatomic and physiologic
severity, and determine the presence or absence of associ-
ated conditions when a therapeutic intervention is
planned in a symptomatic patient. The most common
indication for cardiac catheterization today thus consists of
a patient with an acute coronary ischemic syndrome
(unstable angina or acute myocardial infarction) in whom
an invasive therapeutic intervention is contemplated. The
goal of cardiac catheterization in such patients is to identify
the culprit lesions and then to restore vessel patency via
PCI. In a few such patients, the diagnostic portion of the
catheterization procedure may reveal other features (e.g.,
complex multivessel or left main coronary disease, severe
associated valvular disease), which provide critical informa-
tion for the decision and planning of open heart surgery.

Although few would disagree that consideration of
heart surgery is an adequate reason for the performance of
catheterization, clinicians differ about whether all patients
being considered for heart surgery should undergo preop-
erative cardiac catheterization. Many young patients with
echo-proven valvular disease and no symptoms of myocar-
dial ischemia are sometimes operated on using only non-
invasive data, but the risks of catheterization in such
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patients are extremely small, particularly compared to the
risk of embarking on cardiac surgery on a patient for
whom an incorrect clinical diagnosis or the presence of an
unsuspected additional condition greatly prolongs and
complicates the planned surgical approach. By providing
the surgical team with a precise and complete road map of
the course ahead, cardiac catheterization can permit a care-
fully reasoned and maximally efficient operative procedure.
Furthermore, information obtained by cardiac catheteriza-
tion may be invaluable in the assessment of crucial determi-
nants of prognosis, such as left ventricular function, status of
the pulmonary vasculature, and the patency of the coronary
arteries. For these reasons, we recommend cardiac catheteri-
zation (or at least coronary angiography) in nearly all
patients for whom heart surgery is contemplated, even if the
severity of valve disease and ventricular function have been
determined by preoperative echocardiography.

Catheterization data can also inform other nonsurgical
therapeutic considerations. For example, the decision for
pharmacologic intervention with heparin and/or a throm-
bolytic agent in suspected acute pulmonary embolism, the
use of high-dose beta-blocker and/or calcium antagonists
in suspected hypertrophic subaortic stenosis (versus catheter-
based alcohol septal ablation) might well be considered of
sufficient magnitude to warrant confirmation of the diag-
noses by angiographic and hemodynamic investigation
prior to the initiation of therapy. Although a clinical diag-
nosis of primary pulmonary hypertension can often be
made by echocardiography, cardiac catheterization is usu-
ally required (a) to confirm the diagnosis and (b) to assess
potential responsiveness to pharmacologic agents, such as
epoprostenol (40). Catheterization can also be used to
optimize pharmacologic therapy for advanced congestive
heart failure. 
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Class I
1. Patients with disabling (Canadian Cardiovascular Society [CCS] classes III and IV) chronic stable

angina despite medical therapy. (Level of Evidence: B)
2. Patients with high-risk criteria on noninvasive testing [Table 23 in source] regardless of anginal

severity. (Level of Evidence: B)
3. Patients with angina who have survived sudden cardiac death or serious ventricular arrhythmia.

(Level of Evidence: B)
4. Patients with angina and symptoms and signs of CHF. (Level of Evidence: C)
5. Patients with clinical characteristics that indicate a high likelihood of severe CAD. (Level of

Evidence: C)

Class IIa
1. Patients with significant LV dysfunction (ejection fraction less than 45%), CCS class I or II angina,

and demonstrable ischemia but less than high-risk criteria on noninvasive testing. (Level of
Evidence: C)

2. Patients with inadequate prognostic information after noninvasive testing. (Level of Evidence: C)

Class IIb
1. Patients with CCS class I or II angina, preserved LV function (ejection fraction greater than 45%),

and less than high-risk criteria on noninvasive testing. (Level of Evidence: C)
2. Patients with CCS class III or IV angina, which with medical therapy improves to class I or II. (Level

of Evidence: C)
3. Patients with CCS class I or II angina but intolerance (unacceptable side effects) to adequate

medical therapy. (Level of Evidence: C)

Class III
1. Patients with CCS class I or II angina who respond to medical therapy and who have no evidence

of ischemia on noninvasive testing. (Level of Evidence: C)
2. Patients who prefer to avoid revascularization. (Level of Evidence: C)

Class I: Conditions for which there is evidence or general agreement that a given procedure or treatment 
is useful and effective.
Class II: Conditions for which there is conflicting evidence or a divergence of opinion about the usefulness/
efficacy of a procedure or treatment.
Class IIa: Weight of evidence/opinion is in favor of usefulness/efficacy.
Class IIb: Usefulness/efficacy is less well established by evidence/opinion.
Class III: Conditions for which there is evidence and/or general agreement that the procedure/treatment 
is not useful/effective and in some cases may be harmful.
With permission from Gibbons RJ, Abrams J, Chatterjee K, et al. ACC/AHA 2002 guideline update for the
management of patients with chronic stable angina. J Am Coll Cardiol. 2003;41:159–68.

TABLE 1.1
INDICATIONS FOR CARDIAC CATHETERIZATION IN STABLE ANGINA



Another broad indication for performing cardiac catheter-
ization is to aid in the diagnosis of obscure or confusing
problems, even when a major therapeutic decision is not
imminent. A common instance of this indication is pre-
sented by the patient with chest pain of uncertain cause,
about whom there is confusion regarding the presence of
obstructive coronary artery disease. Both management and
prognosis of this difficult problem are greatly simplified
when it is known, for example, that the coronary arteries
are widely patent. Another example within this category is
the symptomatic patient with a suspected diagnosis of car-
diomyopathy. Although some may feel satisfied with a
clinical diagnosis of this condition, the implications of
such a diagnosis in terms of prognosis and therapy (such
as long-term bed rest or chronic anticoagulant therapy) are
so important that we feel it worthwhile to be aggressive
in ruling out potentially correctable conditions (e.g.,
hemochromatosis, pericardial effusive-constrictive disease)
with certainty, even though the likelihood of their presence
may appear remote on clinical grounds.

Research

On occasion, cardiac catheterization is performed primar-
ily as a research procedure. Although research is conducted
to some degree in many of the diagnostic and therapeutic
studies performed at major medical centers, it usually
relates to the evaluation of new therapeutic devices (e.g.,
new stent designs) in patients who would be undergoing
diagnostic and therapeutic catheterization in any event. All
such studies (41) require prior approval of the Food and
Drug Administration (FDA) in the form of an Investigational
Device Exemption, of the local Committee on Human
Research at the institution (Institutional Review Board, or
IRB), and attainment of informed consent after the details
of the risks and potential benefits of the procedure and its
alternatives have been thoroughly explained. Doing such
research also requires meticulous attention to protocol
details, inclusion/exclusion criteria, data collection, and
prompt reporting of any complications.

Even so, this is quite different from a catheterization
that is performed solely for the purpose of a research inves-
tigation (as a 6-month follow-up angiogram after a new
stent might be). Such studies should be carried out only by
or under the direct supervision of an experienced investiga-
tor who is expert in cardiac catheterization, using a proto-
col that has been carefully scrutinized and approved by the
Institutional Review Board (Human Use Committee) at
the investigator’s institution. 

Contraindications

Although it is important to carefully consider the indica-
tions for cardiac catheterization in each patient, it is
equally important to discover any contraindications. Over
the years, our concepts of contraindications have been

modified by the fact that patients with acute myocardial
infarction, cardiogenic shock, intractable ventricular tachy-
cardia, and other extreme conditions now tolerate cardiac
catheterization and coronary angiography surprisingly well. 

At present, the only absolute contraindication to cardiac
catheterization is the refusal of a mentally competent
patient to consent to the procedure. But a long list of rela-
tive contraindications must be kept in mind, including all
intercurrent conditions that can be corrected and whose
correction would improve the safety of the procedure.
Table 1.2 lists these relative contraindications. For exam-
ple, ventricular irritability can increase the risk and diffi-
culty of left heart catheterization and can greatly interfere
with interpretation of ventriculography; therefore, it should
be suppressed if possible prior to or during catheterization.
Hypertension increases predisposition to ischemia and/or
pulmonary edema and should be controlled before and
during catheterization. Other conditions that should be
controlled before elective catheterization include intercur-
rent febrile illness, decompensated left heart failure, cor-
rectable anemia, digitalis toxicity, and hypokalemia. Allergy
to radiographic contrast agent is a relative contraindication
to cardiac angiography, but proper premedication and use
of a newer nonionic low osmolar contrast agent can sub-
stantially reduce the risks of a major adverse reaction, as
discussed in Chapter 2. Even so, severe allergic reactions or
even anaphylaxis can occur, and the operator and catheter-
ization laboratory staff should be well versed in managing
the procedure.

Anticoagulant therapy is more controversial as a con-
traindication. Heparin (unfractionated or low molecular
weight), direct thrombin inhibitors (bivalirudin), and
antiplatelet agents such as aspirin, clopidogrel, or the
platelet glycoprotein IIb/IIIa receptor blockers are widely
used in the precatheterization management of acute coro-
nary syndromes and are part and parcel of any coronary
intervention. But the use of heparin for simple diagnostic
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RELATIVE CONTRAINDICATIONS TO CARDIAC
CATHETERIZATION AND ANGIOGRAPHY

TABLE 1.2

1. Uncontrolled ventricular irritability: the risk of ventricular
tachycardia/fibrillation during catheterization is increased if
ventricular irritability is uncontrolled

2. Uncorrected hypokalemia or digitalis toxicity
3. Uncorrected hypertension: predisposes to myocardial ischemia

and/or heart failure during angiography
4. Intercurrent febrile illness
5. Decompensated heart failure: especially acute pulmonary

edema, unless catheterization can be done with the patient
sitting up

6. Anticoagulated state: prothrombin time �18 seconds
7. Severe allergy to radiographic contrast agent
8. Severe renal insufficiency and/or anuria: unless dialysis is

planned to remove fluid and radiographic contrast load



coronary angiography, once felt to lower the incidence of
thromboembolic complications during coronary angiogra-
phy (42), is now uncommon (43). These agents may be
continued through and after the catheterization, particu-
larly with the use of groin puncture closure technology,
with only a small increase in the risk of local bleeding. If a
complication arises, these agents can often be reversed
(protamine, platelet transfusion) or allowed to wear off.
But the view regarding oral anticoagulants (e.g., warfarin) is
that it is best to reverse the prolonged prothrombin time to
a prothrombin time of �18 seconds or an international
normalized ratio (INR) of �2 before cardiac catheterization
represents a more complex problem. This is best done by
withholding warfarin for 3 to 5 days before the procedure,
potentially switching to subcutaneous low–molecular-
weight heparin or intravenous heparin for a strong antico-
agulant indication (e.g., a mechanical heart valve). If more
rapid reversal of oral anticoagulation is required, we favor
administration of fresh-frozen plasma rather than vitamin K,
which can occasionally trigger a hypercoagulable state with
thrombosis of prosthetic valves or thrombus formation
within cardiac chambers, arteries, or veins. 

Factors Influencing Choice of Approach

Of the various approaches to cardiac catheterization, certain
ones have only historical interest (transbronchial approach,
posterior transthoracic left atrial puncture, suprasternal
puncture of the left atrium). In this book, we will discuss in
detail catheterization by percutaneous approach from vari-
ous sites (including femoral or radial arteries, femoral inter-
nal or jugular veins, trans-septal catheterization of the left
heart, and apical puncture of the left ventricular puncture;
Chapter 4). Although it has largely been supplanted by the
percutaneous approach, we will also discuss catheterization
by direct surgical exposure of the brachial artery and vein
(the so-called Sones technique, Chapter 5).

The great vessels and all cardiac chambers can be
entered in nearly all cases by any of these approaches; thus
the choice depends on patient issues (aortic occlusion,
morbid obesity), procedural issues (need for use of larger
bore catheters), and patient/operator preference. Ideally,
the physician performing cardiac catheterization should be
well versed in several of these methods (at least one upper
extremity approach as well as the femoral approach).

DESIGN OF THE CATHETERIZATION
PROTOCOL

Every cardiac catheterization should have a protocol, that
is, a carefully reasoned sequential plan designed specifi-
cally for the individual patient. This protocol may be so
common (e.g., left heart catheterization with coronary
angiography, annual transplant evaluation) that the opera-
tor and support staff are already in synch with the plan. If

anything beyond this approach is planned, it is helpful to
map this out, even preparing and posting a written proto-
col in the catheterization suite so that all personnel in the
laboratory understand exactly what is planned and antici-
pate the needs of the operator.

Certain general principles should be considered in the
design of a protocol if it includes hemodynamic measure-
ments. First, hemodynamic measurements should gener-
ally precede angiographic studies, so that crucial pressure
and flow measurements may be made as close as possible
to the basal state. Second, pressures and selected oxygen
saturations should be measured and recorded in each cham-
ber “on the way in,” that is immediately after the catheter
enters and before it is directed toward the next chamber. If a
problem should develop during the later stages of a
catheterization procedure (atrial fibrillation or other
arrhythmia, pyrogen reaction, hypotension, or reaction to
contrast material), it will be beneficial to have the pressures
and saturations already measured in advance, rather than
waiting until the time of catheter pullback. Third, measure-
ments of pressure and cardiac output (using true Fick, Fick
with estimated oxygen consumption, or thermodilution,
Chapter 8) should be made as simultaneously as possible. 

Beyond these general guidelines, the protocol will
reflect differences from patient to patient and factor in
changes when unexpected findings are encountered (e.g.,
finding an unexpected marked elevation of left ventricular
end diastolic pressure may cause addition of a right heart
catheterization to the protocol). It is important to be selec-
tive about the inclusion of angiographic studies beyond
the coronaries to limit total contrast volume for the study
(the upper limit is 3 mL/kg divided by the serum creati-
nine). In a patient with an elevated creatinine in whom
coronary intervention is anticipated, the left ventricular
angiogram should be replaced by a noninvasive evaluation
of ventricular function and even the number of baseline
coronary injections should be limited. With regard to
angiography, it is important to keep Sutton’s law in mind
(When asked why he robbed banks, Willie Sutton is
reported to have replied, “because that’s where the money
is.”), and limit contrast injections to the most important
diagnostic considerations in a given patient.

Preparation and Premedication of the Patient

It goes without saying that both the medical and the emo-
tional preparation of the patient for cardiac catheterization
are the responsibility of the operator. This includes a full
explanation of the proposed procedure in such terms that
the patient can give truly informed consent. This should
include a candid but general discussion of the potential
risks, particularly if the patient’s condition or the nature of
the procedure increases them above the boilerplate infor-
mation in the preprinted consent form: “There is a less than
1% risk of serious complications (stroke, heart attack, or
death) and a similar risk of other complications including
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bruising or bleeding at the catheter site, plus less than 1 in
1,000 risk of a complication requiring emergency surgery.”
Otherwise, it is not necessary to go into intricate detail of
each of the component risks unless the patient and family
indicate a desire for more information. We try to accurately
state the moderate amount of discomfort involved, the
duration of the procedure, and the postprocedure recov-
ery—failure to do so risks one’s credibility. A study of psy-
chologic preparation for cardiac catheterization (44)
found that patients who received careful psychologic
preparation had lower levels of autonomic arousal both
during and after cardiac catheterization than did control
subjects.

It is our practice to have the patient fasting (except for
oral medications) after midnight, but some laboratories
allow a light tea and toast breakfast without ill effects.
Complete vital signs should be recorded before the patient
leaves the floor (for inpatients), or shortly after arriving at
the Ambulatory Center (for outpatients), so that the proce-
dure may be reconsidered if a change has occurred in the
patient’s condition since he or she was last seen. 

Once the question of indications and contraindications
has been dealt with and the patient’s consent obtained,
attention can be directed toward the matter of premedica-
tions. We do not administer antibiotics prophylactically
before cardiac catheterization, and we know of no con-
trolled studies to support their use, but we may give a dose
of intravenous cephalosporin (plus two follow-up doses 8
and 16 hours later) if there have been any breaks in sterile
technique or if a groin closure device is being used (particu-
larly in a patient with diabetes mellitus). Various sedatives
have been used for premedication. We no longer routinely
order premedication to be given before the patient is sent
to the Catheterization Laboratory, but instead assess the
patient’s state of alertness and need for sedation once he or
she is on the catheterization table. Per conscious sedation
guidelines, we usually administer small repeated doses of
midazolam (Versed) 0.5 to 1 mg intravenously and/or fen-
tanyl 25 to 50 mg intravenously to maintain a comfortable
but arousable state. With appropriate prior counseling,
good local anesthesia, and a reassuring presence by the
operator and team throughout, a cardiac catheterization
should be an easily tolerated procedure.

THE CARDIAC CATHETERIZATION
FACILITY

A modern cardiac catheterization laboratory requires an area
of 500 to 700 ft2, within which will be housed a conglomera-
tion of highly sophisticated electronic and radiographic
equipment. Reports of the Inter-Society Commission for
Heart Disease Resources on optimal resources for cardiac
catheterization facilities have appeared in 1971, 1976,
1983, and 1991 (45). The American College of Cardiology
(ACC) and the Society of Cardiac Angiography and

Interventions published a clinical consensus document of
cardiac catheterization laboratory standards in 2001 (43).
These reports deal with issues regarding lab construction,
staffing, quality assurance, and more controversial topics
such as the following:

1. Traditional versus nontraditional settings for a cardiac
catheterization laboratory; location within a hospital
versus freestanding

2. Ambulatory cardiac catheterization: indications and
contraindications

3. Ethical issues related to self-ownership of laboratories,
self-referral of patients, and advertising

4. Optimal annual caseload for physicians and for the lab-
oratory

5. Safety issues during conduct of the procedure (sterile
technique, heparin)

6. Physical arrangements and space requirement
7. Radiation safety and radiologic techniques

Certain points, however, are worth discussing here.

Location Within a Hospital 
Versus Freestanding

The issue of whether cardiac catheterization laboratories
should be hospital based, freestanding, or mobile has been
the subject of much debate (45–47). Performance of
catheterization in a freestanding or mobile unit should be
limited to diagnostic procedures in low-risk patients. In its
1991 report, the ACC/AHA (American Heart Association)
Task Force “generally found that in freestanding catheteri-
zation laboratories, access to emergency hospitalization
may be delayed, and appropriate oversight may be lacking.
Additionally, opportunities for self-referral may be fostered
and the perception of commercialism and entrepreneurial
excess in practice created” (45). Immediately available car-
diac surgical backup is particularly critical for laboratories
that perform diagnostic catheterization on unstable or
high-risk patients, as well as for those that perform coro-
nary angioplasty, endomyocardial biopsy, or trans-septal
catheterization. Some states, however, have recently allowed
performance of acute MI and even elective coronary inter-
vention in hospitals without on-site cardiac surgery as
long as it is performed by operators active at other sites
and with a formal plan (e.g., an ambulance standing by,
and an agreement with a nearby surgical facility to provide
timely backup if needed). 

Outpatient Cardiac Catheterization

Outpatient cardiac catheterization has been demonstrated
by a variety of groups to be safe, practical, and highly cost
efficient, and is now widely practiced throughout the
world. Outpatient catheterization can be accomplished
by the radial, brachial, or femoral approaches, which
allow the patient to be ambulatory within minutes of the
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completion of the catheterization study (48–51). For
femoral procedures, hemostasis can be obtained by man-
ual compression for 10 minutes over the femoral artery,
followed by a pressure dressing and bed rest for 2 to 4
hours, or use of a femoral closure device (see Chapter 5)
with 1 to 2 hours of bed rest before discharge. 

TRAINING STANDARDS

Training in the performance and interpretation of hemo-
dynamic and angiographic derived from cardiac catheteri-
zation is an important part of fellowship training in
Cardiovascular Disease. The current Accreditation Council
for Graduate Medical Education (ACGME) training guide-
lines call for a minimum of 4 months of diagnostic
catheterization experience (100 cases), with an additional
4 months of catheterization experience (100 additional
cases) for individuals wishing to perform diagnostic
catheterization in practice, within the basic 3-year
Cardiovascular Disease fellowship (52). Although many
cardiologists in the past were jacks-of-all-trades performing
office evaluation, noninvasive imaging, pacemaker
implantation, and diagnostic cardiac catheterization, the
current trends toward ad hoc coronary intervention as an
adjunct to diagnostic catheterization (see Chapter 22)
make it less likely that new practitioners will be seeking to

establish practices that are limited to diagnostic cardiac
catheterization.

As the field continues to evolve, it is thus increasingly
likely that an invasive cardiologist (one who performs cardiac
catheterization) will also be an interventional cardiologist (one
who performs percutaneous coronary intervention). In the
first 20 years of coronary intervention (1977–1997), one’s
designation as an interventional cardiologist was at first
based on an expressed interest in the field and attendance at
one or more informal training symposia. Subsequently, most
interventional cardiologists completed a 1-year fellowship
at a center that performed interventional procedures (53). 

In 1999, however, the ACGME established the structural,
content, and faculty requirements for creating an accredited
fellowship in interventional cardiology, requiring an addi-
tional 12 months beyond the 3-year general cardiovascular
training period, during which at least 250 interventional
procedures should be performed (52,54). As of 2005, there
were 116 accredited interventional programs with 231 posi-
tions (compared with 169 accredited general cardiovascular
disease programs with 2,117 positions).

In parallel, the American Board of Internal Medicine
(ABIM) recognized the body of knowledge subsumed by
interventional cardiology by offering a voluntary one-day
proctored examination to individuals who met certain eli-
gibility requirements—documented prior performance of
500 coronary interventions (the practice pathway, no

10 Section I: General Principles

Case selection and management
Choice of intervention or surgery in patient with chronic ischemic disease
Intervention in acute myocardial infarction and acute ischemic syndromes
Drug and device management of hemodynamic compromise
Selection of patients for percutaneous versus surgical valve therapy
Management of adult congenital heart disease
Diagnosis and selection of therapy for peripheral vascular disease

Procedural techniques
Planning and execution of an interventional plan and backup plans
Selection and use of guiding catheters, balloons, stents, etc.
Knowledge of catheter techniques and risks
Use of antithrombotic agents in interventional procedures
Management of procedural complications

Basic Science
Vascular biology of plaque formation, vascular healing, reperfusion
Platelet function and the clotting cascade, including drug effects
Coronary anatomy and physiology (flow dynamics, collaterals, perfusion)

Pharmacology
Biologic effects and use of drugs (vasoactive, sedatives, antiarrhythmics, etc)
Biologic effects of contrast agents

Imaging
Use of angiography and ultrasonography (intravascular and intracardiac)
Radiation physics and radiation safety

Miscellaneous
Ethical issues and risks of diagnostic and therapeutic techniques
Statistics, epidemiology, and economic issues of intervention

SAMPLE TOPICS THAT MAY BE INCLUDED IN THE INTERVENTIONAL
BOARD EXAM

TABLE 1.3



time, but rather it requires an ongoing involvement with a
sufficient number of procedures (see below) and serial
exposure to new procedures and didactic content through
review of new clinical trial literature, attendance at one or
more lecture and live-case demonstration courses each
year, and participation in FDA-mandated industry training
programs on significantly novel interventional devices. We
hope that this text will also be an important part of the effort to
stay current in this clinically important field! 

Physician and Laboratory Caseload

Use levels and optimal physician caseload are important
issues in invasive cardiology. Earlier reports have recom-
mended 300 diagnostic catheterization cases per year for
the laboratory and 150 cases per year for each operator to
maintain cost-effectiveness, skills, and favorable outcome
(Table 1.4) (45,53). At the same time, a cardiologist should
not have such an excessive caseload that it interferes with
proper precatheterization evaluation of the patient and
adequate postcatheterization interpretation of the data,
report preparation, patient follow-up, and continuing
medical education. More recent guidelines, however, have
pointed out the exceptionally low incidence of complica-
tions from diagnostic catheterization and questioned the
need for minimum individual operator volumes as long as
outcome data collection and quality assurance programs
are in place (see below) (43).

For interventional cardiology, the guidelines call for the
laboratory to perform a minimum of 200 procedures (more
than 400 being ideal), and each operator to perform a min-
imum of 75 cases per year, to remain proficient (43,53). In
actuality, these numbers are generally not enforced except at
the level of hospital privileging (compliance with minimal
volumes is required in some states, however), and a segment
of the interventional community still performs as few as 25
to 50 interventions per year. Outcomes data suggest that
higher-volume operators working in higher-volume inter-
ventional centers do have greater procedural success and
fewer adverse complications. But contradictory data suggest
that lower-volume operators can still practice safely, at least
if they work side-by-side with more-experienced operators
in high-volume centers and if they limit the complexity of
the procedures they attempt. With the current very low rate
of major complications associated with interventional pro-
cedures and the difficulties in accurately adjusting outcomes
for differences in case complexity, it would be very difficult
to draw statistically valid conclusions about this issue. But as
in other areas of procedural medicine, there is a compelling
truth to the adage that “practice makes perfect.”

The Catheterization Laboratory Director 
and Quality Assurance

An important check on the appropriateness of procedural
indications, the safety of procedural outcomes, and the
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ACC/AHA TASK FORCE GUIDELINES FOR
CATHETERIZATION LABORATORY AND
PHYSICIAN CASELOADS 

TABLE 1.4

Category Cases Per Year

Adult catheterization laboratories 300
Pediatric catheterization laboratories 150
Physician caseload*

Adult diagnostic catheterizations �150 but
�1,000

Adult PTCA procedures 75
Pediatric catheterizations 50
Electrophysiology procedures 100

* The report indicates that physicians with extensive experience (e.g.,
more than 1,000 independently performed catheterizations) can per-
form fewer catheterizations to maintain their skill levels. 

Pepine CJ, Allen HD, Bashore TM, et al. ACC/AHA Guidelines for
Cardiac Catheterization and Cardiac Catheterization Laboratories.
American College of Cardiology/American Heart Association Ad Hoc
Task Force on Cardiac Catheterization. Circulation. 1991;84: 2213,
2247, and updated in 2001 (see reference 45).

longer open after 2003), or completion of an ACGME-
approved interventional fellowship (the fellowship path-
way). Candidates able to pass this examination receive
Board Certification via a Certificate of Additional
Qualification in Interventional Cardiology. An example of
the type of content tested in this exam is given in Table 1.3.
At this writing, more than 4,000 interventional cardiologists
have received the Certificate of Additional Qualification in
interventional cardiology, which may soon include the per-
formance of computer-simulated procedures for both
training and certification. On the other hand, several thou-
sand individuals continue to perform interventional proce-
dures without the benefit of such certification. 

As the field of interventional cardiology expands, it is
increasingly recognized that knowledge and skill in coronary
intervention does not necessarily confer the ability to safely
perform peripheral vascular intervention. Some content relat-
ing to peripheral vascular procedures is tested in the inter-
ventional exam, but individuals interested in performing
complex lower extremity or carotid intervention are increas-
ingly undertaking an additional training period after their
interventional fellowship to gain the necessary skills and
experience (55,56). This training usually includes some
degree of training in vascular medicine and noninvasive test-
ing for peripheral vascular disease. At this time, additional
board certification has been discussed but not implemented.

As is evident from the range of topics discussed in the
remainder of this text, the knowledge and experience base
that is now required to perform invasive and interven-
tional cardiology procedures is quite extensive and changes
continuously with the serial introduction of new devices
and procedures. Staying current in this field thus requires
more than completion of a training program and demon-
strating an adequate fund of knowledge at one point in



quality of cath lab report documentation, is the existence
of a qualified director in each functioning catheterization
laboratory. There are some published general guidelines
(43), but my (DSB) comments below are also drawn from
more than 20 years of experience in this role.

The director should have at least 5 years of postfellowship
experience in procedural performance and should ideally be
board certified in both Cardiology and Interventional
Cardiology (i.e., the Certificate of Additional Qualification
as described above). Important roles of the director include
selection and upkeep scheduling of all equipment, over-
sight of device ordering systems and procedural policies,
training supervision of ancillary personnel (nurses, cardio-
vascular technicians, and radiographic technicians), and
development of an equitable case scheduling methodology.
The director usually also has fiduciary responsibilities to
the hospital for the safe and efficient use of catheterization
lab time, personnel, and supplies, as well as oversight of the
hospital billing activity for catheterization procedures. In
exchange, the director often receives partial salary support
from the hospital to cover time taken away from remunera-
tive clinical practice.

But one of the most important roles of the catheteriza-
tion laboratory director is the systematic collection of
outcomes data (using a home-grown database, or increas-
ingly, one of several commercial software packages) and
periodic (at least annual) reporting of laboratory vol-
umes, procedure mix, and major adverse outcomes (43).
This usually includes periprocedural death, myocardial
infarction (usually using the definition of total creatine
kinase [CK] greater than twice the upper limit of normal),
emergency cardiac surgery, stroke, local vascular compli-
cations, and renal failure (see Chapter 3). These are best
presented to the clinical cardiology and cardiac surgery
staffs in a joint conference, during which laboratory-wide
solutions to certain problems can be introduced and their
effectiveness monitored in subsequent conferences (so-
called Continuous Quality Improvement methodology).
The director should also organize didactic conferences for
the fellows and faculty as well as a periodic “cath confer-
ence” in which interesting cases, complications, and cases
performed with new technologies are presented. In short,
the director is responsible for overseeing the safe, effec-
tive, and up-to-date operation of the laboratory, with the
commitment to provide the best patient care.

PERFORMING THE PROCEDURE

Having carefully considered indications and contraindi-
cations, chosen a method of approach, designed the
catheterization protocol, and prepared the patient, the
next step is to perform the cardiac catheterization itself
and thereby gain the anatomic and physiologic informa-
tion needed in the individual case. Benchmarking from
82,548 procedures across 53 catheterization laboratories

in 1997–1998 (57) showed that the average left heart
catheterization took 64 minutes of lab time, including 25
minutes of procedure time. Adding a right heart catheteri-
zation increased lab time to 84 minutes and procedure
time to 32 minutes. Interventional procedures averaged
117 minutes, with a procedure time of roughly 70 min-
utes. Of course, the actual procedure time varies with
operator experience and patient complexity, but these data
serve as useful benchmarks.

In individual cardiac catheterization procedures, the
choice of procedure components will draw selectively on the
techniques that are described throughout this text. Detailed
descriptions of catheter insertion and hemodynamic mea-
surements are contained in Section II (Chapters 4 through
6) and Section III (Chapters 7 through 10), with description
of angiographic and interventional techniques in Section IV
(Chapters 11 through 14) and Section VII (Chapters 22
through 27). Methods for evaluation of cardiac function
and special catheter techniques used only in selected situa-
tions are described in Section V (Chapters 15 through 17)
and VI (Chapters 18 through 21). Interventional techniques
are described in Section VII (Chapters 22 through 27).

Our readers should note that the techniques that are
described throughout this text are not proposed as the only cor-
rect approaches to cardiac catheterization (many laboratories
and operators take different approaches, and still obtain excel-
lent results). Rather, they are the methods that have consis-
tently been found to be safe, successful, and practical.
Moreover, their strengths and weaknesses are well charac-
terized, and they therefore constitute an excellent point of
reference as one’s personal practice continues to evolve
based on new clinical trial data and individual preference. 
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2Cineangiographic

Imaging, Radiation 

Safety, and Contrast Agents
Stephen Balter Donald S. Baim

In addition to mastering clinical, pharmacologic, and tech-
nical knowledge (see Chapter 1), an interventional cardiol-
ogist must also have a good working knowledge of the
physical, engineering, and radiobiologic principles under-
lying fluoroscopic-cineangiographic equipment and radia-
tion safety. This applies to both selection and quality
maintenance of complex imaging equipment, as well as to
its correct operation to provide optimal images while
protecting both patients and staff from unnecessary
radiation. Safety is more than a theoretical concern,
because severe radiation injuries have occured as a result of
prolonged interventional procedures with fluoroscopy
times �30 minutes (1–3). The introduction of beta- and
gamma-brachytherapy into the catheterization laboratory
(see Chapter 22) has further broadened the operator
knowledge requirements about radiation biology and radi-
ation safety, and formal documentation of radiation com-
petency is now expected of interventional cardiologists.
The qualifying examination for the Certificate of Additional
Qualification in Interventional Cardiology thus assigns
15% of the examination to imaging and radiation safety
(4). A current intersociety clinical competency statement
outlines the necessary body of knowledge (5), with similar
guidance available in Europe (6).

This chapter consists of major sections devoted to basic
x-ray physics, fluoroscopic imaging technology, radiopathol-
ogy, patient radiation management, staff radiation safety,
and iodinated contrast agents. It is current at the time of its
writing, but those seeking more detailed technical informa-
tion are referred to standard textbooks in the field (7–9).

BASIC X-RAY PHYSICS

X-rays are a form of electromagnetic radiation, like their
longer wavelength cousins, radio waves and visible light.
Like light, the x-ray beam can also be viewed as a stream
of particles (photons, i.e., discrete packets of electromag-
netic radiation that each contain a defined amount of
energy. By virtue of its very short wavelength and related
very high frequency, each x-ray photon contains thou-
sands of times the energy of a photon of visible light. This
explains why x-ray photons can pass through solid matter
and why different and more potent biologic effects occur
when an x-ray photon is absorbed or scattered from living
tissue.

X-Ray Dose and Its Measurement

There are many ways to measure radiation units, and a full
explanation of all of the current dose definitions, and
those of related older units, is available in the literature.
This chapter focuses on those dosimetric units that are of
importance in the interventional laboratory (Table 2.1).

Exposure is the radiation level at a point in space, com-
monly measured with an ionization chamber in units of
air kerma (kinetic energy released in material; dose deliv-
ered to air). The older unit was the roentgen, R, defined as
2.58 � 10�4 coulombs per kilogram of air. By itself, expo-
sure gives no direct information regarding how much radi-
ation energy is delivered to a person or the biologic effects
that irradiation might have.
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Dose refers to the local concentration of energy absorbed
by tissue from the x-ray beam when the exposure interacts
with the individual atoms in the tissue. Specifically, dose is
the amount of energy absorbed from the radiation field by
a small volume of tissue, divided by the mass of the tissue.
This is currently measured in gray (Gy, or 1 joule per kilo-
gram), which corresponds to a very large radiation dose.
Accordingly, dose is more often expressed as centigray (cGy,
1/100 Gy), equal to the older unit of dose known as the rad
or radiation absorbed dose or milligray (mGy, 1/1000 Gy).
Because the dose delivered by an x-ray beam is almost
always nonuniform (owing to absorption of incoming pho-
tons by the more superficial tissues with fewer photons
available to deliver dose to deeper tissues), the highest dose
is generally delivered to the skin where the beam enters the
patient (entry dose). There are also tissue-to-tissue differ-
ences in absorbed dose for the same exposure (the principle
on which x-ray imaging is based), with water absorbing 0.9
rad (9 mGy) per 1 R of exposure, compared with bone
absorbing 4 rad (40 mGy) per 1 R of exposure.

Different types of radiation produce different degrees of
damage (i.e., alpha particles versus x-rays), which is taken

into account by an absorbed equivalent dose expressed in
units of sievert (in older units, the unit was rem [radiation
equivalent in man] with 10 mSv equal to 1 rem). Although
this distinction is important for certain types of radiation,
the distinction between Gy and Sv (or between rad and
rem) is largely semantic, because they (Gy and Sv) are
essentially equivalent for diagnostic x-rays. In 1987, the
National Council on Radiation Protection (NCRP) intro-
duced a new term, the effective dose equivalent (EDE, also
measured in Sv or rem), which is a weighted average that
takes into account the physical distribution of radiation
and the relative radiosensitivity of different organs.

Clinical Measurement of Radiation

Two important locations at which to measure dose are the
patient’s entrance skin and the entrance to image receptor
(Fig. 2.1). Measurements at the patient’s entrance surface
provide information needed to calculate the radiogenic
risk to the patient, whereas measurements at the image
receptor entrance define the number of photons available
for image formation and determine image noise. Direct

CLINICALLY IMPORTANT DOSIMETRIC DEFINITIONS
TABLE 2.1

Dose (to a defined substance) The concentration of radiation energy locally absorbed by the defined substance. Under almost all 
Unit is the gray. circumstances, the dose delivered by an x-ray beam varies from point to point in the patient.

1 Gy (specific substance) � 1 joule (absorbed)/kg (specific substance)

Air kerma (exposure) The dose delivered to air at a point in space. Fluoroscopic output is usually stated in terms of air 
Unit is the gray. dose at a reference point. This value can then be used to calculate patient-related dosimetric

quantities.
1 Gy (air) � 1 joule (absorbed)/kg (air)

Effective dose A calculated quantity based on the physical dose delivered to each of the patient’s tissues and 
Unit is the sievert. modified by the sensitivity of that tissue to cancer induction. It is therefore a measure of the risk

of cancer induction caused by that irradiation. Radiation protection guidelines are often
expressed in terms of effective dose.

ED (Sv) � � [Dose to a volume of tissue (Gy)] � Radiosensitivity of that tissue

Skin dose The dose delivered to a portion of the patient’s skin during a procedure. It is the sum of the dose 
Unit is the gray. delivered by the imaging beam and the dose delivered by x-ray photons backscattered from the

patient toward the entrance surface. Backscatter adds approximately 30% to the entrance dose
delivered by the fluoroscope in typical invasive cardiology settings.

Peak skin dose The maximum dose delivered to any portion of a patient’s skin during a fluoroscopic procedure. 
Unit is the gray. Deterministic radiation injuries, such as skin burns, are produced if the peak skin dose exceeds a

threshold value.

Dose–area product (DAP) The product of the air dose at a certain distance from the x-ray tube and the cross sectional area 
Unit is the gray cm2. of the x-ray beam at the same distance. DAP is actually independent of distance; as distance

increases, air dose decreases and beam size increases in an exactly offsetting manner. Because
most of the x-ray beam is absorbed by the patient, DAP is a conveniently measurable surrogate
for effective dose. Most currently used interventional fluoroscopes include a DAP meter.

Cumulative dose The air dose delivered to the interventional reference point during an entire procedure. It includes 
Unit is the gray (air kerma). both fluoroscopic and cinefluorographic contributions to the total. It represents the skin dose

from that procedure only if the beam does not move during the procedure.

Dose at the interventional The air dose delivered to a defined reference point. This point is selected to be representative of 
reference point (DIRP) the entrance skin surface of an average sized patient’s skin for a fixed x-ray beam. Under these 
Unit is the gray (air kerma). circumstances, DIRP provides a reasonable estimate of peak skin dose.
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measurements of patient entrance dose during a procedure
are not compatible with clinical routine, so fluoroscopic
systems provide a variety of indirect measurements that can
be used to estimate actual skin dose. The most basic of
these is fluoroscopic time, the time (in minutes) when the
x-ray beam is “on” during a procedure. This was a useful
tool for the manually controlled fluoroscopes available in
the 1950s, but it is of limited value now because it neither
keeps track of cine usage nor reflects the effect on patient
entrance dose owing to tissue thickness. Most modern car-
diovascular fluoroscopes thus incorporate software to esti-
mate the dose–area product (DAP). DAP includes both fluoro
and cine exposure and reflects the influence of tissue thick-
ness on skin dose. But because the same DAP can be deliv-
ered as either a high dose to a small field size or as a low
dose to a large field size, it cannot be used directly to predict
the possibility of a skin injury (which would be signifi-
cantly higher in the former case). Rules of thumb, however,
do allow DAP meters to be used to manage skin risk with
reasonable accuracy, as discussed below.

Interventional systems compliant with the International
Electrotechnical Commission’s (IEC) standard on Inter-
ventional Fluoroscopic Safety (10) also provide a measure-
ment of estimated dose at the entrance surface of a normal-
sized patient under typical angiographic conditions. This
may overestimate or underestimate skin dose for a real
patient and assumes that the beam entry point is constant
during a procedure. It thus overestimates actual skin dose
when there is considerable beam movement during a pro-
cedure, as in performing angiography from different angles.

X-Ray Production

X-rays are produced when high-energy electrons are decel-
erated by interacting with a metallic target (in our case,
tungsten). For that reason, the principal method of x-ray
production is usually called bremsstrahlung (breaking radi-
ation). The resulting x-ray photons have a spectrum of

photon energies, from approximately 20 KeV up to the
maximum voltage applied to the x-ray tube (usually 70 to
120 KeV). Some additional x-ray production occurs when
the incoming electrons interact with the orbital electrons
of the target’s atoms. Because the emerging x-ray photons
produced by this means carry a particular energy character-
istic reflecting the energy levels of the target’s atomic orbits,
these are called characteristic x-rays.

X-Ray Image Formation

An x-ray beam traveling through a uniform material
would carry little information. When the beam travels
through tissues with different x-ray absorbance, different
fractions of the incident radiation are absorbed (Fig. 2.2);
thus the beam leaving the patient is modulated by the pat-
tern of differential absorbance. The modulated beam exits
from the patient and is detected by an image receptor. An
object can be delineated in the image only if its x-ray
absorbance is sufficiently different from that of its sur-
rounding structures to produce sufficiently different exit
beam intensity in that location, as a function of the
atomic number of the attenuating material, x-ray photon
energy, physical density (gm/cc) of the object, and the
thickness of the object. 

Natural differences in absorbance between tissues can
be enhanced by using a contrast agent—a material of
markedly different absorbance than the tissue—which can
be delivered or concentrated in an anatomic structure of
interest. In the catheterization laboratory, the intravascular
contrast agents described later in this chapter are based on
iodine, whose high atomic number and x-ray spectrum (it
absorbs intensely at 40 to 75 KeV) allow visualization of
even small (submillimeter) vessels on the x-ray image
when the iodine-containing contrast agent displaces lower-
density water (blood) during angiography. 

Unfortunately, when higher energy x-ray spectra (�100
KeV) are used to image the heart through long tissue paths,
the difference between iodine or steel (i.e., a stent or
guidewire) and the water density of surrounding tissue is
reduced substantially. This is one of the reasons why stents
and contrast media vary in visibility from view to view and
from patient to patient.

Figure 2.1 Patient and image receptor dose measuring points.
Dose measurements referenced to the point at which the x-ray
beam enters the patient are useful for estimating patient radiation
risks. Measurements referenced to the image receptor entrance
can be used to manage image quality.

Figure 2.2 Beam modulation. Total transmission of the x-ray
beam produces a uniform signal. Total attenuation produces a sil-
houette. Image formation requires attenuation of a portion of the
x-ray beam. Thus patient dose is unavoidable (see reference 5).
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Image Noise

A radiographic image of even a uniformly dense object will
have random point-to-point variations in brightness over
time. These random fluctuations are called image noise
(commonly referred to as quantum mottle). As the x-ray dose
striking the image receptor decreases (Fig. 2.3), the amount
of image noise increases (fewer imaging photons equals a
noisier image). Noise reduces the ability to detect low-con-
trast structures, but this can be overcome by increasing the
dose, thereby suppressing noise and increasing our ability
to resolve such structures. On the other hand, the desire for
a low-noise image always must be balanced against the fact
that increasing dose also increases patient x-ray exposure. 

Scattered Radiation 

Scattered radiation is produced when the x-ray beam inter-
acts with the patient and is redirected rather than absorbed
completely. If scattered radiation reaches the image receptor,
it contributes to noise and reduces the image contrast cre-
ated as the primary x-ray beam interacts with the anatomic
structures. Scattered radiation is also the principal source of
exposure for the patient’s body parts that lie outside the field
of the primary x-ray beam and also for the laboratory staff.
The amount of scatter increases with increases in the inten-
sity of the x-ray beam and the size of the x-ray field.

Optimizing the Exposure Parameters 
and Image Quality

From the discussion above, it is clear that the goal of pro-
ducing a usable x-ray image requires a number of trade-offs.

Ideal x-ray imaging parameters must appropriately balance
the requirements for contrast (needed to detect the object),
sharpness (needed to characterize it, including image
noise), and patient dose. The dose must be chosen at the
minimum level that will generate an image with an accept-
able degree of noise, to minimize patient exposure.
Increasing kVp (using more energetic photons) can pene-
trate a large patient more easily and thus reduce patient
exposure, but it decreases image contrast significantly.
Decreasing the image receptor input dose reduces patient
exposure, but increases image noise. Thus, for a given
patient size, there is an optimal balance that provides
acceptable image contrast at an acceptable image noise
level while minimizing patient dose. In most modern cine-
fluorographic units, programs installed at system setup are
designed to give a clinically useful balance between these
parameters automatically, although some configurable set-
tings can be programmed by the user if flexibility is
desired.

THE OPERATION OF A
CINEFLUOROGRAPHIC SYSTEM

The main functions of an x-ray cinefluorographic system
are to produce a collimated x-ray beam of appropriate
intensity and quality, to project that beam through the
patient at a desired angle, to detect the modulated x-ray
beam after it passes through the patient, and to transduce
the modulated x-ray beam into a usable visible light
image. These components are schematically illustrated in
Fig. 2.4.

A B

Figure 2.3 Image receptor dose, system settings, and image quality. The image on the left is a
fluoroscopic last image hold (LIH). The image on the right is a cine frame. The increased noise in the
LIH results from less dose used in its production. The increase contrast in the cine results from sys-
tem programming to a lower kVp.



18 Section I: General Principles

Radiation Production and Control

Generators

The cinefluorographic x-ray generator controls and delivers
electrical power to the x-ray tube. It heats the x-ray tube’s
filament to produce a beam of electrons at a current
between 1 and 1,000 milliamperes (mA). These electrons
are accelerated toward the target anode by high voltage
between 40 and 125 DC kilovolts (kVp), applied by the
generator. The flow of high-energy electrons toward the
anode is not continuous, but is separated into pulses
whose duration ranges from 1 to 10 milliseconds (mS)
and whose repetition rate ranges from 15 to 60 pulses per
second.

Most new x-ray generators use the incoming electrical
power to drive a power oscillator operating in the audio
frequency range. Voltage is increased by means of a step-up
transformer, and the output is rectified (converted to DC)
and smoothed before being applied to the x-ray tube. A
second circuit supplies a nominal 10 volts to heat the fila-
ment of the x-ray tube. Switching circuits effectively turn
the electron flow through the x-ray tube on or off to pro-
vide beam pulsing. The operator instructs the generator to
initiate beam generation at either fluoroscopic or cinefluo-
rographic levels through a pair of foot pedals. 

Although beam pulsing was always part of cineangiog-
raphy to minimize motion and lack of sharpness, earlier sys-
tems used continuous x-ray generation during fluoroscopy.
In contrast, current digital systems use pulsed fluoroscopy, in
which the x-ray beam is briefly turned on (pulsed for 1 to
10 mS) once during the recording of each video frame. The
fluoroscope must deliver enough radiation dose during
each pulse to ensure appropriate image quality, with the
video detector storing that image until it is read out and
displayed. Digital systems provide gap-filling images to

eliminate visual flicker that would otherwise result from
frame rates of 15 images per second. Although higher rates
may be needed when tachycardia is present, they clearly
increase patient dose.

Juggling and optimizing these various x-ray parameters
is necessary as angles change and as the beam is moved
(panned) across the heart. This is well beyond the manual
capabilities of a technologist and therefore requires cir-
cuitry in the generator that continuously measures the
actual voltage across the x-ray tube, the current flowing
through it, the pulse width, and the amount of light gener-
ated at the image receptor. These data are used to adjust the
input parameters—voltage (kVp), current (mA), and pulse
width (mS)—for proper operation. 

X-Ray Tubes

The x-ray tube is a device that converts a portion of the
electrical energy delivered by the generator into x-rays. The
x-ray tube consists of an evacuated glass or metal housing
that contains a tungsten filament (housed in a focusing
cup), and an anode disc (tungsten alloy, 100 to 200 mm in
diameter), which rotates at more than 10,000 rpm (Fig. 2.5).
Electrons are emitted from the filament by thermionic
emission. The number of emitted electrons, and thereby
the tube current (mA), is controlled by adjusting the fila-
ment temperature. These electrons accelerate toward the
anode under the influence of the electric field (�100 kV)
supplied by the generator. The sudden deceleration caused
by interactions with the tungsten atoms in the anode pro-
duces x-ray photons by the bremsstrahlung (braking)
process, as described above. For sharpest imaging, the
point of impact of the electron beam on the target should
be as small as possible, so that x-ray emission appears to
come from a single “point” focal spot.

Figure 2.4 Generator and feedback schematic. Modern
generators rely on a large number of feedback loops to
manage radiation dose and stabilize image quality. The
operator provides the final control loop by managing sys-
tem resources.
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The actual size of the focal spot represents a balance
between the requirements for sharp and fast imaging and
the need to avoid melting the target. X-ray tubes have two
filaments and hence two focal spots. The smaller (typically
0.3 to 0.5 mm) is used for fluoroscopy. A larger focal spot
(typically 0.8 to 1.0 mm) is used to accommodate the
higher power requirements of adult cine. In addition, the
anodes rotate at high speed to spread the heating over a
long focal track instead of concentrating it on a small
point.

X-ray generation is extremely inefficient from the stand-
point of energy transformation. Less than 1% of the electri-
cal energy applied to the tube is converted to x-rays. The
remainder is deposited in the tube as heat. This creates an
important heat dissipation challenge for X-ray tube design.
Too much heat delivered in too short a time will melt the
anode. Present tube designs are capable of dissipating sev-
eral times as much heat as those of the early 1990s. Thus,
these tubes can deliver significantly more radiation to
patients without overload than was possible a decade or so
ago. A tube heat warning occurring during a procedure is a
clinical indicator that substantial amounts of radiation
may have been delivered to the patient.

X-Ray Beam Filtration and Shaping

Although the maximum x-ray photon energy is set by
the acceleration voltage supplied by the generator (kVp),
the beam contains a spectrum of lower energies as well.
These low-energy x-ray photons are easily absorbed by the
patient’s superficial tissues and thus do not contribute to
image formation. To avoid nonproductive entry site expo-
sure, it is good practice to remove (filter) these low-energy
photons from the beam before they enter the patient. An
aluminum plate placed in the x-ray tube’s beam port pref-
erentially absorbs the low-energy photons and increases

the effective penetrating power of the resulting beam
(beam hardening). Many modern interventional fluoro-
scopes offer a copper filter as well as the required alu-
minum filter, because the higher atomic number of copper
relative to aluminum produces even more beam hardening
than does aluminum. High-power x-ray tubes, copper fil-
ters, and appropriate fluoroscopic system programming
can be combined to produce an x-ray spectrum that has a
large fraction of its photons just beyond the K-absorption
edge of iodine (�40 KeV), to provide significant skin dose
reduction without adversely affecting iodine visibility (11).

But too much beam filtration can be a liability by dis-
carding too much of the generated x-ray beam. The x-ray
tube and generator have clear limits on input power deliv-
ery that make it impossible to overcome excessive filtering
by increased beam generation. Copper filters of any appre-
ciable thickness are thus too attenuating for adult cine and
are automatically removed when the cine pedal is selected.
In some systems, the automatic dose rate control system
may automatically add and remove filters during fluo-
roscopy, depending on beam angulation and the patient
size. Small changes in path length can thus result in large
changes in skin dose rate if one is working near such a tran-
sition point. Operators should be aware of the filter oper-
ating strategy for the systems and clinical modes in which
they work. 

The x-ray beam is spatially limited so that only the field
of view (FOV) seen by the operator on the monitor is irra-
diated. Absolute beam limitation requirements are speci-
fied in national regulations and international standards.
The primary beam port is equipped with lead shutters,
which are adjusted automatically as the system tracks the
active FOV and distance between the focal spot and the
image receptor, to adjust these shutters to appropriately
limit the irradiated area. The functionality of this device
needs to be checked periodically. The lead shutters can also
be manually closed to less than the full FOV. Such colli-
mating of the beam has a beneficial effect on image quality
(reducing scatter) while simultaneously reducing both
patient and staff irradiation.

Many systems also have movable semitransparent cop-
per shutters (also called wedges) that can be positioned
over the lung field up to the heart border in each projec-
tion to improve overall image quality by reducing excessive
image brightness over the lungs. These shutters also help
minimize unnecessary patient and staff irradiation.

Imaging Modes

X-ray cinefluorographic units operate in two modes: fluo-
roscopy and acquisition (cine or image recording). The
purposes and x-ray generator operating parameters of the
two modes are different, particularly in terms of the input
x-ray dose delivered and in image quality. Figure 2.3 shows
single-frame images acquired at fluoroscopic and acquisi-
tion doses.

Figure 2.5 Rotating anode x-ray tube. See text for discussion.



Fluoroscopy
Fluoroscopy provides a real-time x-ray image with ade-
quate quality for guiding manipulations. The physiology
of vision effectively integrates several frames; this reduces
perceived image noise, so greater image noise can be toler-
ated allowing fluoroscopic x-ray input dose rates that are
significantly lower than those used for acquisition. 

Current fluoroscopic systems have two or more opera-
tor selectable fluoroscopic dose rates. The higher dose rates
provide less image noise at the cost of greater patient and
operator exposure. Many systems offer variable fluoro-
scopic frame rates. Decreasing the frame rate saves dose at
the expense of visual smoothness of the transition between
frames. Because of persistence of vision effects, lowering
frame rates does not linearly lower required dose rates (12)
Many operators find 15 frames per second (fps) to be satis-
factory for digital cardiac fluoroscopy.

Acquisition (Cine)
The acquisition mode generates images of sufficient quality
for single-frame viewing. Higher x-ray input dose rates are
needed to reduce image noise and optimize clinical visual-
ization, and most x-ray cinefluorographic units are calibrated
such that the per-frame dose for acquisition is approxi-
mately 15 times greater than for fluoroscopy. A single frame
acquired in acquisition mode thus delivers about the same
patient dose as one second of pulsed fluoroscopy at 15 fps.

The optimal acquisition mode input dose per frame is
that which achieves the best balance between image noise
and image quality. The cine dose rate is also directly pro-
portional to the acquisition frame rate. As with fluo-
roscopy, digital gap-fill can achieve flicker-free image dis-
plays at any frame rate, but the image presentation may
become increasingly jerky at frame rates below 15 fps
despite such gap-fill. The typical acquisition frame rate for
adult studies is 15 fps.

Feedback

The x-ray beam is attenuated as it passes through tissue.
The degree of attenuation varies with tissue density and
other factors such as the projection angle and the distance
between the x-ray tube and the image receptor. Feedback
circuits measure the brightness of the image generated by
the image receptor. This feedback signal is used to modu-
late the output of the generator in response to changes in
patient density and position. This is accomplished by an
automatic dose rate control (ADRC) circuit that is designed
to maintain a constant brightness level of the image-inten-
sifier output signal. The normal function of this circuit has
a profound influence on patient skin dose. X-ray intensity
is increased if the detector measures too dim a signal and
decreased if the signal is too bright. This means that the
patient entrance port skin dose increases substantially
when compound projection angles with cranial or caudal
skewing are used (Fig. 2.6).
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The ADRC can control the tube voltage (kV), tube cur-
rent (mA), pulse width (expressed in mS), and beam fil-
tration. Different makes and models of fluoroscopes are
likely to have different ADRC strategies. Most machines
offer different ADRC modes of operation. For example:
When the system is set to cine coronary arteries, the
ADRC remains functional throughout the entire cine run;
when the same system is set to LV lock, however, the
ADRC establishes a level early in the run and then main-
tains that level during the contrast injection phase of the
ventriculogram.

X-Ray Detection and Recording

Image Detection

The x-ray image formed by the interaction of the x-ray
beam and the patient must be detected and transformed
into a visible format. The fluorescent screen was the origi-
nal x-ray detector used by Roentgen. It was the only fluoro-
scopic detector available from the discovery of x-rays in
1895 until the development of the x-ray image intensifier
in the 1950s. The image intensifier was the enabling tech-
nology for coronary angiography (13). At the start of the
new millennium, solid-state detectors are now beginning
to replace the conventional image intensifier.

Figure 2.6 Patient size profoundly affects patient dose. Fluoro-
scopic systems continuously adjust x-ray output to account for dif-
ferences in patient size and beam angulation. This is accomplished
by using feedback circuits that maintain constant image receptor
dose by adjusting the x-ray tube’s electrical inputs. Skin dose will
double for every 4- to 6-cm increase in path length through the
patient. (Photo of gantry courtesy of Philips.)
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Image Intensifier
The structure of a single-mode image intensifier is shown
in Fig. 2.7. The modulated x-ray beam emerging from the
patient enters the image intensifier and is detected by a
cesium iodide (CsI) fluorescent layer. The visible light
image emerging from the CsI is converted into an electron
image by a photocathode. Focusing electrodes in the tube
accelerate and converge the electrons onto a small output
window. The electron image is then converted back into a
visible light image when these electrons interact with an
output screen. The combination of acceleration of the elec-
trons and minifying of the output image relative to the
input produces the 100,000-fold brightness gain provided
by the image intensifier. 

Cardiac image intensifiers offer several magnification
modes. These tubes contain a separate set of focusing elec-
trodes for each magnification mode. When a specific mag-
nification is selected, the corresponding set of electrodes is
energized. This focuses a larger or smaller portion of the
input screen onto the fixed size output screen. The minify-
ing gain of the tube (ratio of active input screen area to the
fixed output screen area) decreases as the tube is zoomed;
therefore smaller fields of view require higher input dose
rates than do larger fields of view. 

Cardiac image intensifiers have a typical maximum
physical FOV of 23 to 25 cm. For any magnification, the
actual FOV can be somewhat smaller if the optics are set
up to overframe the image. Smaller FOVs (typically
around 17 and 12 cm) provide better spatial resolution at
the expense of requiring an increased dose rate. Patient
dose can be minimized by working at the largest FOV
consistent with appropriately seeing the structures of
image. Visibility can sometimes be improved in heavy
patients by increasing the FOV and collimating the beam
because of the increased minifying gain associated with
large FOVs.

Vascular image intensifiers are available with FOVs
exceeding 40 cm. When these tubes are operated using a
typical 17-cm cardiac FOV, they require a significantly
higher dose rate than smaller cardiac image intensifiers.
In addition, the larger size of vascular tubes limits beam
angulation. Moving the image intensifier farther from the

patient to obtain the necessary angles further increases
patient dose. 

Image intensifiers degrade over time. Service adjust-
ments can compensate for these losses. Eventually the
brightness gain deteriorates such that x-ray dose rates must
be increased simply to obtain adequate brightness. This
will often happen between 3 and 10 years after installation.
When the service engineer informs you that the system is at
the limits of its adjustment range, it is time to replace the
image intensifier.

Cine Camera and Associated Optics
The technology for recording coronary images has almost
totally migrated from the cine-film camera to the digital
domain. However, film-based technology still merits a
brief review both to provide an understanding of older sys-
tems and to demonstrate the migration of imaging require-
ments from film to digital.

Cine cameras are electronically synchronized with the
hospital’s AC power supply. The usual adult filming speed
was 30 fps in the United States and 25 fps in Europe. Most
of the cine-film systems built in the late 20th century
incorporated pulsed x-ray beams. These systems were pro-
grammed to produce x-ray pulse widths in the 2- to 10-mS
range. These single-frame exposure times are short enough
to freeze cardiac motion.

An optical system coupled the image intensifier to the
cameras. Adjustable optical diaphragms were used to bal-
ance radiation dose and camera light levels. These
diaphragms also allow service compensation for image
intensifier degradation over time. The focal length of the
optical system determines framing mode—the way in
which the round output phosphor is represented on the
rectangular cine frame (Fig. 2.8). Most laboratories used
some form of overframing, in which the recorded field is
less than the full active image intensifier area. In all such
systems, it is essential to verify that only the recorded area
of the patient is irradiated. In film-based systems, the ulti-
mate quality of the recorded image depends nearly as much
on the selection of cine film and its processing parameters
as on the elements within the image chain.

Figure 2.7 X-ray image intensifier. See text for discussion.

Figure 2.8 Image framing. The focal length of the lens between
the image intensifier and the video camera determines the visual-
ized fraction of the output screen. Full overframing is shown on the
left, partial in the center, and exact framing on the right. The
choice determines the relative use of the image intensifier’s physi-
cal field of view.
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Video
Real-time fluoroscopic visualization is the enabling tech-
nology for invasive and interventional procedures. Video
cameras and displays are the conduit between the image
receptor and the observer’s eye. Since the 1960s, this has
been accomplished by placing a television camera in a
position where it can (along with the 35-mm cine camera)
view the output phosphor of the image intensifier. Solid-
state charge-coupled device (CCD) television pickups have
displaced analog video cameras in the last decade. The out-
puts of the video camera are converted into a digital televi-
sion image and processed to enhance image quality before
being stored or displayed. When the intent of imaging is
simply to position a catheter or to perform a test injection,
the cine camera need not operate, and the generator need
provide only a low dose rate of radiation that is adequate
to create a television image. Fluoroscopy thus involves
�10% of the x-ray beam intensity that is used for perma-
nent image recording (cineangiography). However, because
fluoroscopic times are much longer than cine times, fluo-
roscopy typically provides more than half of the patient’s
total dose.

Older analog systems used the same interlaced scanning
and display format as for broadcast television. Newer ana-
log and all CCD systems use a progressive scanning and
display format to allow higher video line rates (e.g., 1,024
versus 512 scan lines) and frame refresh rates. Therefore,
video clips produced by such systems are not directly com-
patible with broadcast video components and recorders,
although scan converters can be used to translate the video
back to broadcast formats and standards. 

Flat-Panel X-Ray Detectors
The image intensifier/video camera combination is cur-
rently being displaced by integrated digital image receptors
(flat-panel detectors). Indirect detectors incorporate a
charge-coupled device or photodiode visible light detector
array in direct contact with the input phosphor. Direct
detectors use a selenium layer to directly convert x-rays into
an electron signal. Both designs generate a digital video
signal with fewer intervening stages than described above
for the phosphor image intensifier/video camera systems.
Figure 2.9 schematically illustrates the structure of both
flat-panel detectors.

The dose efficiency of a flat-panel detector is grossly
similar to that of a modern image intensifier, so patient
doses delivered by two fluoroscopes—one a flat-panel and
the other an image intensifier—will be similar. However,
flat-panel fluoroscopic systems often have a broader
dynamic range and better dosimetric performance than
older image intensifier–based systems owing to better dose
management hardware and software in other parts of the
fluoroscope.

The imaging behavior of a flat-panel system differs from
an image intensifier/digital video system in one important
respect. As shown in Fig. 2.10, when an image intensifier is

zoomed, less and less of the patient is imaged by the tube’s
fixed-size output screen. Therefore each pixel in the zoomed
image is smaller (relative to the patient) than for the
unzoomed case; i.e., spatial resolution increases with zoom.
In the flat-panel case, zooming simply uses fewer of the
available pixels, so that the intrinsic spatial resolution does
not increase with zoom. However, the digitally magnified
image on the monitor may provide better detail coupling to
the observer’s eye, increasing the clinically effective resolu-
tion as a flat-panel system is zoomed.

Image Display and Processing

Digital images are processed before they are displayed
(14). Image processing techniques include gray-scale trans-
formations (changes contrast level), edge enhancement
(improves the visibility of small high-contrast structures),
smoothing (reduces the effect of noise in a single frame at
the expense of image sharpness), and temporal averaging.
This last function combines several image frames. It
reduces noise while maintaining the sharpness of non-
moving structures. However, temporal averaging may blur
moving objects. The type and extent of applied image pro-
cessing can be configured by the service engineer and par-
tially controlled by the operator.

Digital video facilitates functions such as fluoroscopic
last-image-hold and instant replay of fluoroscopic and
cinefluorographic images. Reviewing stored images instead
of continuing fluoroscopy is an excellent means of patient
and staff dose reduction.

DICOM PACS

Digital cardiac fluoroscopic and cinefluorographic
images are typically produced using a nominal 1,024 �
1,024 pixel matrix. The bit depth can range from 8 to 12
bits (256 to 4,098 shades of gray). In the laboratory,
these images are usually stored and displayed at full reso-
lution. For archiving images, the 1995 DICOM standard

Figure 2.9 Indirect and direct digital (flat-panel) image recep-
tors. The indirect (left) detector uses a CsI scintillator, virtually
identical to that in an image intensifier, to convert the x-ray signal
into light. A photodetector converts the light into an electron sig-
nal. This signal is then digitized. The direct detector (right) uses a
selenium layer to directly convert the x-ray signal into an electrical
charge distribution. This signal is then digitized.

A B
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specified a 512 � 512 � 8 bit image format so that most
studies would fit onto a single CD-ROM disc. The image
standard has proved to be acceptable for most purposes
over the decade since its release. Laboratory images are
thus usually downscanned from their internal format
into 512 � 512 � 8 bit before writing the study to a CD
or transmitting it over a network for storage or remote
viewing. Thus, image resolution when viewed in the lab-
oratory is somewhat better than when the same cine run
is recalled from storage. Higher-resolution images can be
transmitted and stored at the expense of increased trans-
mission time and storage space, and a general DICOM
cine format maintains the same logical structure while
permitting archiving of higher resolution images. Digital
storage devices are available with an online capacity of
tens of terabytes (TB). A 10-TB archive can store 20,000
to 30,000 cardiac cine studies in the 512 � 512 � 8
DICOM format. The cost of storage continues to decline
by 10 to 30% per year, so online storage for all of a labo-
ratory’s archives is both technically and economically
achievable.

DICOM images can be compressed (reduced in size) to
save digital resources. Compression can be either reversible
(the original image can be reconstructed exactly) or non-
reversible. Reversible compression has been used in car-
diology since the early 1990s, and the latest ACC docu-
ment (15) specifically does not recommend the use of
nonreversible compression for clinical decision making.
Ongoing increases in device speeds, storage capacity, and
network bandwidth have made the need for compression
less urgent. It should be noted that common computer and
Internet tools (MPEG, AVI) often lose much in compres-
sion, and they should be viewed with caution for diagnosis
if DICOM images are available.

Image quality can be significantly degraded by poor
viewing monitor performance. In DICOM terms, the world
is divided into diagnostic workstations and review stations.
The expectation is that primary medical decisions are made
using images displayed only on diagnostic workstations.
Facilities’ quality programs are expected to include routine
quality assurance of diagnostic workstations. Good prac-
tice dictates that a physician should have appropriate
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Figure 2.10 Zoom differences between image intensifiers and flat-panel detectors. The image
before digitization (A); full-field digitization for both systems—typically a matrix size of 1,024 � 1,024
(B). When the image intensifier is zoomed (C), the same matrix covers a smaller field of view; this
reduces the effective pixel size. When a first-generation flat-panel is zoomed (D), the pixel size
remains the same; fewer pixels are used. Displays are usually electronically zoomed to fill the monitor.
This does not increase physical resolution, but may improve the visibility of detail.



confidence in the quality of any image display used for
critical clinical decisions. Test procedures and images can
be used to validate the performance of any imaging work-
station.

THE ANGIOGRAPHIC ROOM

Size, Shape, Layout 

The angiographic room must have sufficient space to
house the fluoroscope and ancillary equipment as well as
patient care, work, and storage areas. The minimum rec-
ommended size is 50 m2 (500 ft2) with a ceiling height of
3m (10 ft). Where possible, the bulky components that
constitute the generator and its associated electronics
should be in a well-ventilated but visually and acoustically
isolated space. The architectural arrangement must meet
cable length limitations and should permit unimpeded
access between the procedure room and electronics area
for installation and service purposes. Room lighting must
be sufficient to facilitate each of the multitudes of tasks
associated with an interventional procedure. However, the
lighting should not interfere with optimum viewing of the
fluoroscopic images (perhaps by switching from high-level
to lower-level lighting when the x-ray beam is on).

The angiographic room requires appropriate structural
radiation shielding. Specifications are based on the labora-
tory’s anticipated workload, the nature of the occupancy of
adjacent areas (including above and below), and local reg-
ulatory requirements. Structural shielding includes the
doors to the laboratory and the observation window
between the control and procedure rooms. Additional
portable shielding may be required for gamma-brachyther-
apy, when performed. For radiation protection purposes,
support personnel should work at a distance from the x-ray
gantry and be positioned behind x-ray shielding (fixed
lead or rolling lead-acrylic partitions) whenever not deliv-
ering direct services to the patient. An appropriately sized
lead-shielded control room should be provided outside of
the procedure room, housing instrumentation for patient
monitoring. Design elements should optimize staff access
as well as verbal and visual communications between the
procedure and control rooms.

Gantry and Table

The centerpiece of the cardiac catheterization laboratory is
the floor-mounted or ceiling-suspended gantry that holds
the x-ray tube and the image intensifier in correct align-
ment and provides a full range of two-dimensional rota-
tion (left to right anterior oblique) and skew (cranial to
caudal) of the direction with which the x-ray beam passes
through the patient. The two axes of rotation meet at a sin-
gle point (the isocenter of the gantry), so that an object
(the patient’s heart) placed at that point in space will

remain centered on the screen even as the beam direction
is changed. The patient is supported in that position on an
adjustable-height, flat-top table. The table top can be
panned in the left-right or head-foot direction to move the
patient relative to the x-ray beam. 

A second complete imaging chain is provided in some
laboratories to provide simultaneous viewing of cardiac
structures from two angles. Biplane imaging is indispens-
able when indicated for certain patients and procedures,
but is not required for most invasive cardiology proce-
dures. 

Other Equipment

The other piece of indispensable fixed equipment is the
physiologic monitor (including an in-laboratory display).
Means for electronically time-stamping and recording all
events during the procedure may be included in the physi-
ologic monitor’s computer. Online access to old studies
(images, reports, physiologic data) is often desirable.

Various additional fixed or mobile equipment is found
in the modern laboratory, including defibrillators, ultra-
sound imaging systems, interventional devices, pulse
oximetry and noninvasive blood pressure monitors. All
such devices must meet patient electrical safety regulations,
with specific rules for line- or battery-operated equipment
that might come in contact with the patient (or anything
conductive attached to the patient) under normal or emer-
gency circumstances. 

Equipment Quality Assurance 

The proper functioning of the imaging equipment can be
ensured only if it is tested on acceptance for compliance
with its published specifications. Testing includes verifica-
tion of compliance with local regulatory requirements as
well as an evaluation of imaging performance and patient
dose (16–18). Image performance and patient dose aspects
of the protocol need to be rechecked on a periodic basis.
The NEMA XR-21 phantom, jointly developed with SCAI
(19) can serve as the basis for much of the constancy test
protocol.

Images are viewed on any one of a variety of video dis-
plays (either CRT or LCD). These range from dedicated in-
laboratory displays, through dedicated PACS workstations,
to office PCs and laptops. Any display used for clinical
decision making should be included in the laboratory’s
quality assurance protocol (20,21).

BIOLOGIC EFFECTS OF RADIATION
(GENERAL)

The average person in the United States is irradiated by a
variety of natural and human-made sources (Fig. 2.11), and
radiation is arguably the best studied of all environmental
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injuries, and direct evaluation of that risk at background
radiation levels or even at levels corresponding to most
imaging procedures is a statistical impossibility. Instead,
the coefficients are obtained by looking at available popu-
lations exposed to high levels of radiation (i.e., atomic
bomb survivors) and extrapolating back to lower doses.
Because manifestation of the injury requires cellular prop-
agation, stochastic effects are typically seen years to
decades after irradiation. Radiation-induced leukemia thus
occurs between 2 and 25 years after irradiation, whereas
solid radiogenic cancers have a latent period of 5 to 20
years. 

Cancer

For the purposes of this chapter, the risk coefficients for
cancer induction in staff and patients are 5 and 10% per
Sv of effective dose (28). The difference between the two
values is the presence of repair, which reduces the risk of
an exposure if it is delivered over a lifetime rather than
acutely. The patient coefficient applies to adults and is
higher for pediatric patients and perhaps for procedures in
which the premenopausal female breast is directly irradi-
ated. The error bars in these estimates are as large as the
values. Moreover, 1 Sv is quite a large radiation dose that
would correspond to receiving a maximal occupational
dose (5,000 mrem equals 50 mSv) each year for 20 years,
and it is difficult to detect any increase in cancer rates
above the significant cancer risk in the nonradiated popu-
lation.

Heritable Abnormalities 

The risk for radiation-induced heritable effects is also esti-
mated to be less than 10% per sievert of dose delivered to
the gonads (22). Interventional cardiac procedures seldom
expose the gonads to significant amounts of radiation.
Even this small risk is applicable only to patients who
become future parents. Thus, the main concerns for radia-
tion-induced genetic damage should be focused on pedi-
atric and young adult patients. Patient risk can be managed
by reducing total patient dose while minimizing pelvic
irradiation. Staff risk is reduced by most actions taken to
reduce staff dose.

Deterministic Effects

Deterministic effects occur when a significant number of
existing cells are sufficiently damaged so as to cause
observable injury. Immediate injury is either owing to mas-
sive cell killing or a prompt biochemical tissue response to
radiation. Delayed injuries become manifest when injured
cells die without being replaced. The threshold dose for a
deterministic effect depends on the fraction of cells that
need to be killed before tissue loses viability, whereas the
time course is dependent on the nature of the tissue and its
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“pollutants” (22–24). A typical annual effective dose equiv-
alent from natural background, including radon, is around
3 mSv (300 mrem) (25,26). The actual amount of natural
background varies depending on where individuals live,
housing construction, and other factors. The major cause of
human-made exposure is medical imaging (27). Presuming
that radiologic imaging procedures are clinically justified
and technically optimized, the expected clinical benefits of
using radiation outweigh the radiation risks of the proce-
dures. For the interventional staff, radiation exposure is a
byproduct of the procedure, and the occupational dose
received during all such procedures should be minimized
to the extent possible without compromising appropriate
patient care—referred to as ALARA (as low as reasonably
achievable).

Radiation injuries are induced by one of two mecha-
nisms. The stochastic mechanism of action is caused by
unrepaired radiation damage to the DNA of even a single
viable cell. In contrast, the deterministic mechanism is
caused by radiation acutely killing off large numbers of
cells. Radiation management differs for these two mecha-
nisms.

Stochastic Effects

The word stochastic is defined as involving chance or prob-
ability. Stochastic effects are presumably induced by a sin-
gle photon causing unrepaired injury to the DNA of a
single viable cell. Depending on their type, damaged cells
can proliferate to produce a malignancy in the irradiated
individual or a genetic disorder in future generations. The
severity of the resultant injury, caused by propagation of a
single (unrepaired) damaged cell, is independent of the
dose that started the process (22, 24). But the linear non-
threshold (LNT) model often used for radiation protection
calculations states that the probability of injury increases
linearly with dose. Risk coefficients are small for radiation

Figure 2.11 Average annual effective dose in the United States.
More than 80% of the effective dose is delivered by natural
sources. Medical use of radiation supplies most of the remaining
amount.
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cellular kinetics. Table 2.2 reviews the threshold doses
required to induce different effects and the time between
irradiation and the emergence of the injury. The threshold
doses apply to the entire dose being delivered in 1 day.
Tissue can tolerate a greater total dose if the irradiation is
divided over several sessions instead of being delivered at
once, assuming that they are separated by enough time for
repair to occur. The necessary time intervals are not well
known and may range from a day to several months. Thus,
the radiobiologic effect of skin irradiation cannot be pre-
dicted by simply adding the dose (delivered to the same
skin area) from multiple procedures.(8)

Following moderate radiation doses, repair processes
gradually replace nonviable cells with normal tissue or
scar. Repair is seldom complete, and chronic radiation
injury reflects incomplete repair. In that setting, the tissue
(i.e., the patient’s skin) may have a lower threshold than
that shown for a single dose. 

Patient Radiation Risks 

Skin Injuries

Radiation-induced skin injury is the most common deter-
ministic effect that occurs as a consequence of fluoroscopic
procedures. Because the doses required to cause these
injuries are large (usually �60 minutes of fluoroscopy
time and entry doses �2 Gy), they are rare complications
of invasive cardiac procedures. The Food and Drug
Administration (FDA) has received about 100 reports,
mostly as the result of electrophysiology ablations or com-
plex coronary artery interventions. A severe skin injury
obtained from the FDA web site is illustrated in Fig. 2.12.
Many additional cases are reported in the literature
(3,29–37). The skin at the site where the fluoroscopic
beam enters the patient receives the largest radiation dose
and is the organ at greatest risk. 

Radiation-induced skin injury can usually be identified
by the temporal pattern of its development in relation to
the time of irradiation and by the location of the injury at
the beam entrance site. If the beam is positioned over a sin-
gle skin site for a prolonged time and the collimation is
not changed, the lesion will be well demarcated with a
square or rectangular shape consistent with that of the col-
limated beam. The appropriate management of several
major injuries was delayed because the prompt erythema
was initially attributed to other causes (e.g., allergic reac-
tion to a defibrillator pad). If the patient fails to mention
the x-ray exposure when a dermatologist is consulted, a
skin biopsy may be performed resulting in a chronic non-
healing of the radiation-damaged tissues. The patient’s
state of health may modify the normal response of skin to
radiation (30,35) with collagen vascular disease, diabetes
mellitus, and hyperthyroidism making the patient more
susceptible to injury. Various chemical and pharmaceutic
agents have also been associated with increased risk for
skin injury.

Because of incomplete repair, patients who have previ-
ously undergone fluoroscopically guided procedures or
radiation therapy may have a lower threshold for radiation
injury in subsequent procedures. The literature reports sev-
eral cases of chronic skin changes associated with multiple
procedures irradiating the same portion of skin (3,36).
Such factors need to be considered when planning a fol-
low-on intervention.

Induced Neoplasm in Adults

A typical diagnostic coronary angiogram (DAP of 40
Gy/cm2) will deliver approximately 8 mSv to the patient
(38–40). The resultant cancer risk is likely to be less than
0.1%. The cancer risk resulting from a complex interven-
tion in a heavy patient (DAP of 200 Gy/cm2) is unlikely to
be increased by as much as 1%. By way of comparison, a

DETERMINISTIC INJURY THRESHOLDS
TABLE 2.2

Effect: Single-Dose Threshold (Gy) Onset

Early transient erythema 2 Hours
Main erythema 6 �10 days
Temporary (permanent) epilation 3 (7) �3 weeks
Dry (moist) desquamation 14 (18) �4 weeks
Secondary ulceration 24 �6 weeks
Ischemic dermal necrosis 18 �10 weeks
Dermal atrophy (2nd phase) 10 �1 year
Late dermal necrosis �12? �1 year
Skin cancer stochastic �5 years

Food and Drug Administration. FDA Public Health Advisory: Avoidance of Serious X-Ray-Induced Skin
Injuries to Patients During Fluoroscopically Guided Procedures. 1994 (see reference 37).
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60-year-old cancer-free male with no special risk factors
has a 16% probability of being diagnosed with cancer in
the next 10 years of his life. The stochastic risk of neoplasm
from an invasive procedure is thus small in comparison
with the natural incidence of cancer.

Risk of Neoplasm in Children

Radiation risk management in children is different than
that for adults. Radiogenic neoplasm is importantly related
to age at exposure and is gender dependent (22). Females
are more susceptible than males because of greater breast
and thyroid sensitivity. Additionally, because of a smaller
body, a greater portion of a child’s radiosensitive tissues are
in close proximity to the x-ray beam during cardiologic

procedures. Fortunately, because of the small body, radia-
tion penetrates small children more readily, so dose rates
and total doses are relatively low. Caution is indicated
when working with almost-adult-size children.

The Pregnant Patient

Radiation risks associated with pregnancy are thoroughly
reviewed elsewhere (41). At low fetal doses, the principal
risk is radiation-induced cancer. The lifetime risks induced
by an in utero exposure are likely to be similar to the new-
born risk. Fetal doses �100 mSv place the child at risk for
deterministic effects such as central nervous system dam-
age, growth retardation, malformation, or miscarriage.
The specific risks are determined by actual fetal dose and

A
B
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Figure 2.12 Time line of a major radiation injury (Reference 1). Early erythema and blistering at
approximately 8 weeks is seen in (A). This has resolved by approximately 20 weeks (B); however the
tissue is necrotic. The tissue has broken down by 20 months (C). A skin graft was required (D). A fuller
explanation of this sequence is available in a 1995 publication at http://www.fda.gov/cdrh/rsnaii.html
(last accessed 17 Mar 05)



gestation age. Fetal doses in this range seldom happen
unless the uterus is directly irradiated. 

Fluoroscopic procedures on pregnant women may be
justifiable in an emergent situation. Procedures that involve
structures above the diaphragm are unlikely to induce fetal
deterministic effects (malformations), because direct irra-
diation of the fetus can usually be avoided and the fetus
then receives only radiation scattered from the irradiated
area. The carcinogenic risk to the child is the principal
concern, and this risk must be weighed in relation to the
anticipated clinical benefits to the mother. Minimizing the
total use of radiation, applying good collimation, and
avoiding unnecessary direct irradiation of the uterus
during pregnancy contribute to minimizing fetal injury.
Protective measures including avoiding extreme cranial
angulations and using an arm approach reduce fetal radi-
ation risk. A consultation with a medical physicist regard-
ing fetal dose management prior to the procedure can be
helpful.

Patient Radiation Management

Radiation-induced injury must be considered in the overall
risk–benefit decision making process. How much radiation
can be safely used before stopping? What are the benefits
of splitting a procedure? Several factors enter into the deci-
sion of stopping or continuing a procedure: These include
an adequate knowledge of the pathophysiology of radia-
tion, appropriate patient consent, information on prior
radiation usage, and the clinical requirements for continu-
ing the procedure. 

The quantity of radiation used in a simple diagnostic
study performed on an average-sized patient is well below
the threshold of deterministic injury or significant stochas-
tic risk. But radiation dose increases with increasing com-
plexity and patient size and may increase these risks
to reach clinical significance. Under these circumstances
the operator should proceed with caution, and only if the
operator is certain that proceeding is essential to the
patient’s health and no other practical alternatives exist. 

Equipment and Technique Selection
for Dose Management

Equipment features and user-selectable operational modes
provide fair control over x-ray dose rates. Operators should
thus know the location and function of available dose
management controls on each piece of equipment that
they use and use them as needed to ensure minimal
patient and personnel exposure. Common operator-selec-
table parameters include fluoroscopic pulse and dose rate
and acquisition frame rate. Other factors may or may not
be under the operator’s control, including acquisition dose
rate, x-ray beam energy (kVp), and beam filtration. 

Images generated at lower dose per frame and at lower
frame rates can be of lesser absolute quality, but may still

be sufficient for clinical needs (42). However, too low a
dose or frame rate may paradoxically increase total dose.
This is because increased irradiation time is needed to
allow the operator to make clinical decisions. The lowest
total-dose operating conditions that meet procedural
requirements should be selected. 

Different types of imaging equipment are available in
most laboratories. The operator should have sufficient
knowledge of the equipment’s dosimetric characteristics to
select the most appropriate room for each patient. For
example, a laboratory equipped with a large FOV image
intensifier (needed for peripheral procedures) is less dose
efficient at cardiac FOVs than a dedicated cardiac labora-
tory. The operator should consider another available labo-
ratory if the use of substantial amounts of radiation is
probable.

Effects of Patient Size on Patient Dose

As patient size increases, the input dose of radiation
required for sufficient penetration of the x-ray beam
through the patient to the image receptor increases rapidly.
In most systems, increased penetration is achieved by using
a higher kVp. This results in lower primary image quality
because of reduced subject contrast. Large patients also
generate more scattered radiation. This degrades image
contrast and signal-to-noise ratio. The reduced image qual-
ity may increase the procedure’s technical difficulty, poten-
tially prolonging it and consequently requiring an even
greater total radiation input.

Positioning of the Gantry Relative to the Patient

It is convenient to perform a coronary interventional pro-
cedure with the target lesion located at the fluoroscopy
unit’s isocenter. This minimizes the need to reposition the
patient when the x-ray projection angle is changed.
However, this strategy often shortens the distance between
the x-ray tube and the patient, increasing the patient’s
entrance port skin dose. On the other hand, positioning
the x-ray tube too far from the patient entrance may
require an excessive increase in beam kVp, potentially
degrading image quality. Where clinically possible, the
beam angulations should be changed during a long inter-
vention to minimize the irradiation of any particular por-
tion of the patient’s skin. 

Beam Collimation 

Collimating the x-ray beam to less than the working FOV is
an important radiation management technique. Although
this maneuver does not reduce skin dose per se, it does
decrease the total radiation load on the patient. Less scat-
ter is produced in comparison to an uncollimated beam.
This has two beneficial effects: Image quality is improved
and less scatter by the patient reduces staff exposure. The
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semitransparent lung shutter provides similar benefits:
Image burnout over the lung is reduced when it is used,
and the total radiation flux reaching the patient is reduced,
thereby reducing scatter with a consequent reduction in
staff exposure.

Clinical Dose Monitoring

Intraprocedural radiation dose monitoring is a responsibil-
ity of the operating physician. The operator needs to be
aware of beam orientation, x-ray field size, and output
dose rates to achieve this goal. By way of analogy, the use
of radiation should be monitored and managed as well as
the dose of iodinated contrast agents. The goal of intrapro-
cedural dose monitoring is to avoid unintentionally cross-
ing of deterministic dose thresholds for the skin. Ideally,
this can be accomplished by displaying a real-time map of
the dose distribution on the patient’s skin, but no tech-
nologies are commercially available to provide an accurate
real-time display of peak skin dose (43,44).

Instead, catheterization laboratories have traditionally
relied on fluoroscopic time as a primary dose measure.
Although this was of marginal value for diagnostic studies,
it is a very poor clinical metric in the interventional era,
since it does not account for cine usage or the variations in
x-ray output attributable to patient size or other variables
(45). Most interventional fluoroscopic systems are now
equipped with DAP meters, which can be used to estimate
skin dose, but DAP readings do not account for the dis-
tance between the x-ray tube and the patient’s skin nor for
beam motion during the procedure. Systems compliant
with the IEC interventional fluoroscopy standard are
equipped with a cumulative dose monitor. This instrument
reports the cumulative dose delivered during a procedure
to a reference point defined relative to the x-ray system. It
is at its most accurate when the beam does not move and
the reference point coincides with the patient’s skin.
Intraprocedural and patient follow-up trigger levels based
on cumulative dose have an improved correlation with
peak skin dose. Laboratory policies should use this metric
if it is available. 

Incorporating dose monitoring results into the labora-
tory’s continuous quality improvement (CQI) program is
beneficial, because periodic review of all dose data will
yield important information regarding equipment and
operator performance. This information can be used to
improve both equipment and operator dose efficiency.

Considerations Regarding Multiple Procedures 

Dose fractionation reduces the deterministic risk of a given
total radiation dose. However, the LNT model states that
stochastic radiation risk depends on the total dose accu-
mulated by a patient during his or her lifetime. Thus the
cancer risk is presumed to increase with each additional
procedure.

Patient Education, Consent, and Follow-up

It is appropriate to include the possibility of radiation
injury when obtaining informed consent from a patient
who is at increased risk. Such patients include those who
are expected to undergo a particularly long complex proce-
dure, a patient who has had multiple recently performed
procedures, or a patient who is extremely obese. An appro-
priate postprocedure discussion and follow-up plan is
applicable to all patients where substantial amounts of
radiation were used. A combination of patient size and
available dose measuring tools can be used to establish a
follow-up policy that is likely to detect significant injuries.
In high-dose patients; rashes appearing within 30 days or
so at the beam entry point should be presumed to be radi-
ogenic, and the interventional cardiologist should take an
active role in arranging appropriate follow-up for all such
cases.

Staff Radiation Safety

Staff radiation safety has a different benefit–risk analysis
than patient radiation safety (46). Acute deterministic
effects (cataracts, skin burns) should never happen in an
interventional setting, because the operator should never
be in the primary beam and should receive scattered radia-
tion exposure only. There are a few reports of chronic
deterministic effects (e.g., hair loss on the legs below the
lead apron) in individuals who have spent decades in the
laboratory, but future occurrences of these effects can be
avoided by extending the basic principles of radiation pro-
tection discussed in this section.

Cancer induction is a topic of real concern to staff mem-
bers. But repeated studies of radiation workers of all types,
including interventional cardiologists, over the last 30
years have produced only anecdotal reports with no con-
firmed evidence of increased cancer incidence in these
populations (47–49). Nevertheless, interventional staff
members are clearly exposed to radiation in the course of
their duties, and the LNT model predicts a small increased
risk of which workers should be aware. 

Stochastic Risk

Staff stochastic risk is a function of the effective dose actu-
ally received by a staff member. (This reflects the whole-
body dose and not the raw reading from a film badge worn
outside the lead apron (50))! The most highly irradiated
operators in a properly functioning interventional labora-
tory probably receive an effective dose of a few mSv/year.
Most lab staff receive �1 mSv/year. By way of comparison,
the natural background radiation level in Denver exceeds
that in New York City by about 1 mSv/year. With a risk of
fatal cancer estimated at 4% per sievert of exposure (even
without considering the effect of appropriate shielding),
the allowable occupational dose of 50 mSv/year would add
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only a 0.2% per year increment (to the background 20%
spontaneous incidence) of developing a fatal neoplasm.

Staff Deterministic Injury

Acute deterministic effects (cataracts, skin burns) should
never happen in an interventional setting. Nevertheless,
radiation cataracts have been recently reported (51).
Routine cinefluorographs documenting the operator’s
hand are seen with some frequency. Such incidents are
almost always owing to poor understanding and technique
as well as violations of the basic laws of radiation protec-
tion. The lens of the eye has been reported to be relatively
insensitive to radiation. In a well-documented study of the
effects of low-voltage radiation therapy treatments of the
head and neck (52), the cataract threshold was demon-
strated to be 2,000 mSv for a single exposure, rising to
4,000 mSv for a 30-day course of therapy. At the present
regulatory limit for eye exposure of 150 mSv/year, it
would take more than 25 years of dose accumulation at
the regulatory limit to exceed the 30-day threshold.
However, a very recent preliminary study has shown evi-
dence of lenticular changes at lower levels, and use of eye
shielding (lead glasses or a portable lead-acrylic shield)
should be considered.

Basic Principles of Reducing Staff 
Radiation Exposure

Most patients undergo only a few catheterization studies in
their lifetime, but staff have daily exposure. The operator
can use several methods to reduce his or her exposure to
radiation (53–57), the most important of which is to min-
imize patient dose—the ultimate source of exposure of the
operator and staff. One of the most important means of
reducing radiation exposure is reducing the amount of flu-
oroscopy and cine time to the clinically required mini-
mum. It is important to avoid the “lead foot” syndrome;
the operator must learn to depress the fluoroscopy pedal
briefly when it is necessary to confirm a catheter position
and to reflexively take his or her foot off the pedal when-
ever looking away from the television monitor. Similarly,
cineangiographic runs should be selected carefully to show
important findings, and each run should be terminated as
soon as the necessary information is recorded. 

The other cardinal measures used to reduce the opera-
tor’s x-ray dose are increasing distance and the use of shield-
ing. The operator should stand as far from the beam as pos-
sible to take advantage of the inverse square law—one or
two steps farther away from the x-ray tube may cut the dose
in half. A wraparound apron should be provided to indi-
viduals in the laboratory who have occasion to turn their
back toward the patient. A wide variety of designs, materi-
als, and lead thicknesses are available for tailoring radia-
tion garments, but 0.5 mm lead equivalent provides
roughly 95% shielding from diagnostic x-ray scatter.

Additional radiation protection can be gained from wear-
ing separate thyroid collars and wraparound leaded eye-
glasses. Too much lead is detrimental to the operator’s
musculoskeletal system, but pull-down and table-side
shields serve to protect the staff from radiation without the
necessity of wearing heavy lead.

Laboratory staff needs to know when radiation is being
produced. Modern digital systems give few clues in this
regard. A “beam on” light is often installed in the proce-
dure room. This is helpful if it can be seen. Oftentimes, the
nurse is asked to attend to the patient’s needs during a pro-
cedure. These duties can occur in a potentially high radia-
tion zone, and the operator should refrain from irradiating
when staff is close to the patient.

Effect of Beam Orientation 
This is particularly important during angulated shots such
as the left lateral or left anterior oblique cranial projec-
tions, which place the operator in close proximity to the
beam entry point (Fig. 2.13).

Staff Radiation Monitoring
There is no substitute for having each operator measure his
or her own exposure (58–61), and a radiation monitor
should be worn at all times when working in the cardiac
catheterization laboratory. A collar badge should be worn
on the left shirt collar outside the lead apron. This gives a
good measurement of eye exposure. Current recommenda-
tions also call for a second waist badge, which is worn on
the operator’s belt just beneath the lead apron. These two
badges should be of different colors (e.g., red for the collar
and yellow or green for the waist) to avoid misplacement.
Standard formulas allow an estimate of effective dose for
the one- and two-badge cases. Each month, badges should
be turned in for processing and replaced with fresh units.
The resulting reports should be reviewed to confirm that
no individual’s collar badge dose exceeded 1 mSv/month
(100 mrem/month) without further investigation. These
dose levels should be observed only on busy operators.
Recorded doses need to be studied regularly to ensure that
occupational exposures remain below the prescribed
limits.

BRACHYTHERAPY ISSUES

In-stent restenosis was a vexing clinical problem prior to
the release of drug-eluting stents in 2003 (see Chapter 24).
Mechanical retreatment still carried high (�50%) subse-
quent recurrence rates. It was then shown that intracoro-
nary radiation therapy (also known as brachytherapy in ref-
erence to the short distance between the source and the
target tissue) delivered at the time of mechanical retreat-
ment of the in-stent restenosis markedly reduced (by
nearly 70%) the chance of subsequent recurrence (62–64).
Both beta and gamma radiation were effective when
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roughly 2,000 rads (20 Gy) was delivered to the vessel wall
from radioactive seeds positioned within a catheter lying
inside the treated segment. Several beta isotopic sources
were used, including Sr-Y-90 and P-32, and proved to be
convenient in terms of the short (3-minute) exposure
times required; also, the low penetration of beta radiation
made additional shielding unnecessary beyond the precau-
tion of using a remote afterloader delivery system and
avoiding operator hand contact with the catheter during
source advancement. In contrast, the gamma radiation
emitted from the Ir-192 source is very energetic (0.2 to 1.0
MeV, or roughly 10 times the energy of diagnostic x-ray)
and would require 3 mm of lead or 2 inches of concrete for
even 50% shielding (65,66). Special precautions in terms
of thick portable lead shields and removal of staff from the
room were required during the roughly 30-minute dwell
time of the isotopic seeds in the treated arterial segment.
When dealing with high-exposure sources such as these,
the collaboration of both a radiation oncologist and a radi-
ation physicist is required by NRC regulations to confirm
dosing, to monitor safe handling and confirm retrieval of
the source seeds, and to supervise radiation safety.

INTRAVASCULAR CONTRAST AGENTS

Shortly after publication of the classic papers by Roentgen
in the 1890s, the search began for effective and nontoxic
contrast agents to define vascular anatomy. Although
early experimentation involved a number of heavy metals
(bismuth, barium, thorium), all modern contrast agents
are based exclusively on iodine, which by virtue of its high

atomic number and chemical versatility has proved to be
an excellent agent for intravascular opacification. Inorganic
iodine (sodium iodide), however, cause marked toxic reac-
tions. Experiments in 1929 thus explored an organic
iodide preparation (Selectan) that contained one iodine
atom per benzoic acid ring. In the 1950s, a series of substi-
tuted tri-iodobenzoic acid derivatives were developed, which
contain three iodine atoms per ring. These agents differ
from each other in terms of the specific side chains used in
positions 1, 3, and 5 (Fig. 2.14), influencing both solubil-
ity and toxicity.

Ratio-1.5 ionic compounds are substituted ionic tri-
iodobenzoic acid derivatives that contain three atoms of
iodine for every two ions (that is, the substituted benzoic
acid ring and the accompanying cation). Included in this
family of high-osmolar contrast agents are agents such as
Renografin (Bracco), Hypaque (Nycomed), and Angiovist
(Berlex), which are mixtures of the meglumine and
sodium salts of diatrizoic acid. Functionally similar agents
are based on iothalamic acid (Conray [Mallinckrodt]) or
metrizoic acid (Isopaque). These agents have a sodium
concentration roughly equal to blood, pH titrated between
6.0 and 7.0, and a low concentration (0.1 to 0.2 mg/mL)
of calcium disodium EDTA. Higher or lower sodium con-
centrations may contribute to ventricular arrhythmias dur-
ing coronary injection, and calcium binding by sodium cit-
rate may cause greater myocardial depression (67). To have
an iodine concentration of 320 to 370 mg I/mL, as is
required for left ventricular and coronary contrast injec-
tion, solutions of these agents are markedly hypertonic
(with an osmolality �1,500 mOsm/kg, roughly six times
that of blood).

Figure 2.13 Scatter isodose curves around an interven-
tional fluoroscope. This figure illustrates the radiation scatter
levels 1 m above the floor from a full lateral beam. The asym-
metry is caused by backscatter from the patient coupled with
attenuation by the patient and equipment. (Figure courtesy
of Philips Medical Systems.)
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In the mid-1980s, the first ratio-3 lower-osmolality
contrast materials (LOCM) were introduced. Although it
is still ionic (as a mixture of meglumine and sodium
salts), ioxaglate (Hexabrix [Mallinckrodt]) is a ratio-3
agent by virtue of its unique dimeric structure that
includes six molecules of iodine on the dimeric ring
(three atoms of iodine for every one ion). To achieve an
iodine concentration of 320 mg I/mL, Hexabrix has an
osmolality roughly twice that of blood and contributes to
a lower incidence of undesirable side effects related to
hypertonicity (68). 

A more significant modification in the late 1980s, how-
ever, was the introduction of true nonionic ratio-3 contrast
agents. These low-osmolality contrast agents are water-sol-
uble in a noncharged form, without an associated cation.
Examples include iopamidol (Isovue [Bracco]), iohexol
(Omnipaque [Nycomed]), metrizamide (Amipaque,
[Winthrop]), ioversol (Optiray [Mallinckrodt]), and ioxi-
lan (Oxilan [Cook]), each of which contains three atoms
of iodine for every molecule (69). With calcium disodium
EDTA as a stabilizer and tromethamine (1.2 to 3.6 mg/mL)
as a buffer, an iodine content of 320 to 370 mg I/mL can be
achieved with an osmolality of 600 to 700 mOsm/kg,
between two and three times that of blood. Their viscosity

(which influences ease of injection through small-lumen
catheters) is roughly 6 to 10 times that of water. 

More recently, a ratio-6 nonionic dimeric compound
(iodixanol, Visipaque [Nycomed]) has been released as an
iso-osmolar contrast agent. This agent requires the addition
of sodium and calcium chloride to bring its osmolarity
up to that of blood (290 mOsm/kg) (70). Randomized
comparisons of iodixanol to the low-osmolar contrast,
ioxaglate, show that iodixanol has a significantly lower
incidence of allergic reactions (�1% versus 3%) and no
increase in adverse coronary events (thrombosis, vessel clo-
sure, or periprocedural myocardial infarction) (71,72).
There are also data suggesting a reduction in nephrotoxic-
ity with this agent, although the magnitude of this benefit
is still unresolved (73).

As is clear from the discussion above, the low-osmolar
contrast materials are definitely better tolerated by patients
undergoing coronary and peripheral angiography. They pro-
duce fewer episodes of bradycardia and hypotension, pre-
cipitate less angina, and cause less nausea and sensation of
heat than traditional high-osmolar contrast agents (74,75).
There is also evidence that the nonionic ratio-3 and ratio-6
agents produce fewer allergic side effects (72) and may be
less nephrotoxic in human studies (73,76). For all of these

Figure 2.14 Sample structures and properties of current available contrast agents. The tradi-
tional high-osmolar ionic contrast media (HOCM or ratio 1.5) are Na+/meglumine salts of substi-
tuted tri-iodobenzoic acid, which have three iodine atoms per anion/cation pair, with six times the
osmolality of blood. Two types of low-osmolality contrast media (LOCM or ratio 3) are also shown:
the true nonionic agents and the Na+/meglumine salt of an ionic dimer, which have three iodine
atoms per nonionic molecule or six iodine atoms per anion/cation pair, with an osmolality two to
three times that of blood. The newest class of iso-osmolar contrast medium (IOCM or ratio 6) is a
nonionic dimer with six iodine atoms per molecule and an osmolarity equal to that of blood. Also
included are the iodine contents (in mg I/mL), the osmolarity (Osm, in mOsm/kg-H2O), and the vis-
cosity at 37	C. *Mixed sodium and meglumine salt; see text for details.



reasons, most coronary angiography is now performed with
a low-osmolar contrast. Some early studies, however, sug-
gested that the true nonionic agents might predispose
patients to thrombotic events (77). We have not seen practi-
cal clinical problems related to nonionic contrast use, which
is consistent with more recent studies (71,72) that have
failed to confirm any increase in deleterious thrombotic
complications. The only other issue that limits the universal
use of the low-osmolar and iso-osmolar agents is cost (78).
These agents were once 10 times more expensive than the
high-osmolar agents, and although randomized trials com-
paring high- and low-osmolar agents in routine angiogra-
phy have shown a clear reduction in minor side effects, they
have failed to show any significant net clinical benefit in
terms of serious side effects that would justify across-the-
board use of a more expensive agent. Some institutions have
thus confined their use to the roughly 25% of patients who
have two or more of the following characteristics—age older
than 65 years, left ventricular end diastolic pressure �15
mm Hg, New York heart Association functional class IV
symptoms, or a history of previous contrast reaction—who
would benefit most from the lower side effect profile (78).
But with increasing competition among nonionic contrast
agents, there has been a marked reduction in price, such that
most nonionic low-osmolar agents cost only slightly more
than a high-osmolar ionic agent. At such a low incremental
cost, the clear reduction in minor side effects compared to
the high-osmolar contrast agents may be sufficient to justify
more liberal use of low-osmolar nonionic contrast. 

It should be emphasized that even the best current radi-
ographic contrast agents still have complications in terms
of allergic reactions and kidney injury (radiocontrast
nephropathy, or RCN) (79,80) (see also Chapter 3). The
volume of contrast that may be used in a given procedure
is thus limited, and patients with preprocedure risk factors
(especially with abnormal preprocedure renal function or
diabetes mellitus) (81) need aggressive preprocedure
hydration, a renoprotective drug regimen (82–85), hemofil-
tration, (86) as well as careful limitation of the total con-
trast load. In the highest-risk patients, iodinated contrast
agents may even be mixed with gadolinium-containing
contrast agents designed for magnetic resonance imaging
(Magnevist, Berlex), (87,88), or CO2 angiography may be
performed in the peripheral vasculature (89).
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3Complications and 

the Optimal Use of 

Adjunctive Pharmacology
Donald S. Baim Daniel I. Simona

Because all cardiac catheterizations involve the insertion
of foreign objects (i.e., cardiac catheters) into the circula-
tory system, it should not be surprising that a variety of
adverse events (complications) can ensue. These compli-
cations range from minor problems with no long-term
sequelae (e.g., transient bradycardia during coronary con-
trast injection), to major problems (e.g., cardiac perfora-
tion, abrupt closure of a coronary artery during percuta-
neous transluminal coronary angioplasty [PTCA]) that
may require immediate interventional or surgical atten-
tion, to major and irreversible damage (e.g., stroke, myocar-
dial infarction, renal failure, or death). Fortunately, the
risk of producing a major complication during most pro-
cedure types is generally well below 1%, a level at which
the risk–benefit ratio still favors the performance of car-
diac catheterization to investigate or treat cardiac disor-
ders that are themselves life threatening or symptom lim-
iting. Because the many complications are treated
pharmacologically, or their incidence is either increased
or decreased by drug treatment, we have included a new
section on the use of adjunctive pharmacology in this
chapter, which emphasizes current anticoagulant and
antiplatelet agents but also includes other vasoactive,
antiarrhythmic, and sedative agents commonly used in
the cardiac catheterization laboratory.

OVERVIEW

The most important determinants of the risk for dying or
sustaining a complication on an invasive procedure are
clinical rather than procedural. The risk thus varies widely
depending on demographics (age, gender), the cardiac
anatomy (left main coronary artery disease, severe aortic
stenosis, diminished left ventricular function), the clinical
situation (unstable angina, acute myocardial infarction,
cardiogenic shock). Other variations in risk are based on
the type of procedure being performed (diagnostic catheter-
ization, coronary intervention, and so on) and to some
extent on the type of lesions being treated via percutaneous
intervention (see Chapter 22).

By considering all these factors, the physicians and
support staff can arrive at a fairly accurate estimate of the
level of risk entailed in any given procedure. Familiarity
with those risks can be of immeasurable value in the fol-
lowing: (a) anticipating increased risks of complication,
(b) taking extra precautions to avoid them (e.g., placing a
prophylactic pacemaker in a patient prior to rotational
atherectomy of a right coronary artery lesion), (c)
promptly recognizing complications when they occur
(e.g., perforation of the right atrium during a trans-septal
puncture), and (d) taking corrective and potentially life-
saving action (e.g., pericardiocentesis for perforation-
induced tamponade).

Before proceeding with any procedure, the details of the
planned procedure and its anticipated risks must be discussed

a Some material was contributed by William Grossman in his role as a
coauthor of this chapter in prior editions.
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candidly with the patient and family. This discussion
should include which specific procedures are planned,
what benefits are hoped for, the attendant risks and their
probabilities, and how the risks and benefits of the
planned procedure compare with those of any possible
alternatives (e.g., bypass surgery instead of percutaneous
coronary intervention). By covering these cornerstones of
informed consent clearly and candidly, the patient and
family will be realistically prepared should a complication
occur. Such a discussion should be documented in the
patient’s chart, and that documentation should specify the
type of procedure that is planned, the potential major
complications, and their estimated risk of occurrence (e.g.,
“death, MI, or stroke �1%; vascular injury requiring trans-
fusion or surgical repair �2%”).

If a significant major complication does occur, the
patient and family should be informed of same as soon
as the procedure has been completed (or when a delayed
complication occurs, as soon as it is recognized). This
discussion should describe the nature of the complica-
tion (without placing blame on anyone), indicate
whether any long-term consequences are expected, and
outline what corrective actions have been and will con-
tinue to be pursued. The catheterizing physician should
also continue daily inpatient follow-up visits to any
patient who has sustained a significant complication,
because a patient’s feeling abandoned by an uncaring
physician tends to foster a desire for retribution (i.e., a
malpractice suit).

For these reasons, all individuals performing cardiac
catheterization should be intimately knowledgeable about
the potential complications of the procedures they per-
form, as detailed in this and other chapters. In addition,
the catheterization laboratory director should collect infor-
mation about the frequency of these complications on at
least a yearly basis and should review those data with the
physician staff to identify where the laboratory as a whole

(or an individual operator) is performing below expected
standards. The types of complications that are routinely
tracked in this process are shown in Table 3.1. This type of
data collection, analysis (including breakdown by proce-
dure type and by individual operator), reporting, and sub-
sequent adjustment in laboratory policy and procedures
(1,2) is one of the most important jobs of any catheteriza-
tion laboratory director and has now become a reporting
requirement in several states.

DEATH

Death as a Complication 
of Diagnostic Catheterization

Death as a complication of diagnostic catheterization has
declined progressively over the last 30 years. Whereas a 1%
mortality was seen with diagnostic catheterization in the
1960s, (3), the first Society for Cardiac Angiography reg-
istry of 53,581 diagnostic catheterizations performed in
1979–1981 showed a 0.14% procedure-related mortality
(4). By the second registry of 222,553 patients catheterized
in 1984–1987 (5), procedure-related mortality for diag-
nostic catheterization had fallen further, to 0.1% (i.e., 1 in
1,000). The small size of this reduction in mortality, how-
ever, belies the fact that the second registry included many
more patients who fell into a high-risk subgroup for the
procedure. Based on variables identified from the 218
deaths in the second registry (age older than 60 years, New
York Heart Association (NYHA) functional class IV, left
ventricular ejection fraction �30%, or left main disease),
the mortality for such patients fell by half between the first
and second registry (6). A third registry of 58,332 patients
studied in 1990 showed an even lower overall mortality of
0.08%, with a 1.5% incidence of any major complication
(7). A number of baseline variables (including NYHA class,

MAJOR COMPLICATIONS OF CARDIAC CATHETERIZATION AND
INTERVENTION TO BE TRACKED IN EACH CATHETERIZATION
LABORATORY

TABLE 3.1

Death
Myocardial infarction

Q-wave
Non-Q-wave with CPK � 2� normal or CK-MB � 5� normal

Stroke
Emergency bypass surgery
Cardiac perforation
Major arrhythmia requiring countershock or pacing
Local vascular injury requiring surgery or transfusion
Contrast-induced renal failure
Allergic reactions (anaphylaxis)



surgery. When the hemodynamics are markedly compro-
mised and the patient is a poor surgical candidate, emer-
gency coronary stenting should be performed if a trained
operator and the necessary equipment are available (see
Chapter 22). A similar consideration regarding the use of
hemodynamic support applies to any patient with an
unstable ischemic syndrome or acute myocardial infarc-
tion who behaves in a brittle fashion under the stresses of
catheter placement and contrast injection.

Left Ventricular Dysfunction

Patients with cardiogenic shock in the setting of acute
myocardial infarction or severe chronic left ventricular dys-
function (ejection fraction �30%) also have a several-fold
increased risk of procedural mortality (5), particularly
when reduction in ejection fraction is associated with a
baseline pulmonary capillary wedge pressure �25 mm Hg
and a systolic arterial pressure �100 mm Hg. An effort
should generally be made to bring such congestive heart
failure under control before cardiac catheterization is
attempted.

Although right heart catheterization is no longer rou-
tine (see Chapter 4), I believe that it should always be per-
formed before angiography in a patient with poor ejection
fraction, because it provides valuable data about baseline
hemodynamic status and allows ongoing monitoring of
pulmonary artery pressure as an early warning about
hemodynamic decompensation before frank pulmonary
edema ensues. If the baseline pulmonary capillary wedge
pressure is �30 mm Hg, every effort should be made to
improve hemodynamic status before angiography is
attempted. This may entail administration of a potent
intravenous diuretic (furosemide), supplemental oxygen, a
vasodilator (intravenous nitroglycerine or sodium nitro-
prusside) when the mean arterial pressure is �65 mm Hg,
or a positive inotrope (dopamine, dobutamine, milrinone)
when the mean arterial pressure is �65 mmHg or when
severe congestive heart failure hemodynamics persist
despite vasodilator treatment (see below). When frank car-
diogenic shock is present or develops during a cardiac
catheterization, prompt placement of an intra-aortic bal-
loon pump in the contralateral groin may be required to get
the patient safely though the procedure. More potent forms
of temporary hemodynamic support are now available (see
Chapter 21). The availability of low-osmolar contrast agents
that produce less myocardial depression than traditional
high-osmolar agents, however, has greatly enhanced our
ability to perform necessary angiography without precipi-
tating hemodynamic decompensation in such unstable
patients (see Chapter 2).

Valvular Heart Disease

Despite the preponderance of coronary artery disease as
the indication for diagnostic cardiac catheterization
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multivessel disease, congestive heart failure, and renal
insufficiency) were identified in this registry, whose pres-
ence predicted an up to eightfold increase in major com-
plication rates (from 0.3% in patients with none of these
factors, to 2.5%) (8). Several of the major factors are dis-
cussed below.

Left Main Disease

Although there has been a progressive reduction in the
overall mortality of diagnostic cardiac catheterization over
the last 25 years, patients with severe left main coronary
disease remain at increased risk. Their mortality was 6% in
the 1976 report by Bourassa (9), and 2.8% in the study by
Hillis and others performed between 1978 and 1992
(compared with a mortality of 0.13% in patients without
such disease) (10). Although the mortality of such
patients had fallen to 0.86% in the first Society for Cardiac
Angiography registry, this was still more than 20 times
higher than the 0.03% mortality seen in patients with sin-
gle-vessel disease (4). 

Because roughly 7% of patients undergoing coronary
angiography have significant left main disease, the protocol
used for coronary angiography (see Chapter 11) should
always begin with careful catheter entry into the left coro-
nary ostium to facilitate early recognition of ostial left
main disease through catheter pressure damping or perfor-
mance of a test “puff” immediately after engagement. Even
without these early warnings of left main disease, we rou-
tinely perform the first left coronary injection in the right
anterior oblique (RAO) projection with caudal angulation
to screen for mid and distal left main disease and get the
maximal anatomic information on the first injection. If
ostial left main stenosis is suspected, a straight anterior
(AP) injection may be performed. If severe left main disease
is present, the only other left coronary injection needed is
an RAO projection with cranial angulation (to see the left
anterior descending and its diagonal branches). If angiog-
raphy shows a borderline lesion (30 to 70%), additional
diagnostics including intravascular ultrasound (IVUS;
Chapter 19) or pressure wire (Chapter 18) can be per-
formed after completing diagnostic coronary angiography
to inform the subsequent management decision. But per-
forming a large number of superfluous contrast injections
in a patient with a critical left main disease offers little
more in the way of important anatomical information and
increases the risk of triggering the vicious cycle of ischemia/
hypotension/more ischemia that may lead to irreversible
collapse. 

Careful attention to all other aspects of technique is
essential, since even an otherwise minor complication
(e.g., a vasovagal reaction or arrhythmia) may have fatal
consequences in this situation. If a patient with severe left
main disease exhibits any significant instability during the
procedure, we usually opt to place an intra-aortic balloon
pump (see Chapter 21) and arrange for prompt bypass



patients with severe valvular heart disease are also at
increased risk for dying during cardiac catheterization.
The VA Cooperative Study on Valvular Heart Disease (11)
thus showed a 0.2% mortality among 1,559 preoperative
catheterizations performed in patients with valvular
heart disease, with one death in a patient with mitral
regurgitation and two deaths in patients with aortic
stenosis. With current noninvasive methods for assessing
the severity of valvular lesions, there is some debate
about whether it is necessary to cross severely stenotic
valves in the course of preoperative cardiac catheteriza-
tion (12).

Prior Bypass

Patients who have previously undergone coronary bypass
surgery make up a growing subgroup (up to 20% in our
laboratory) of diagnostic and interventional catheteriza-
tions. They are typically 5 years older, have more diffuse
coronary and generalized atherosclerosis, worse left ven-
tricular function, and require a more lengthy and complex
procedure to image both native coronary arteries and all
grafts. Despite these adverse risk factors, the Post CABG
Trial (13) looked at 2,635 diagnostic angiograms performed
in stable patients and found 0% mortality, with major
complications in 0.7% (myocardial infarction 0.08%,
stroke 0.19%, vascular trauma requiring transfusion or
surgery 0.4%). 

Pediatric Patients

Pediatric patients may be at higher risk (see Chapter 6).
One review of 4,952 patients (median age 2.9 years)
studied at the Hospital for Sick Children in Toronto (14)
found a mortality of 1.2% confined to patients younger
than age 5 years (half in critically ill neonates �30 days
of age). Although the risk was lower for diagnostic than
electrophysiologic or interventional procedures, there
were three deaths (0.1%) among the 3,149 diagnostic
procedures. 

Death in the Course of an 
Interventional Procedure

Because they involve the use of more aggressive catheters,
superselective cannulation of diseased coronary arteries,
and brief interruption of coronary or even systemic flow
(see Chapter 25), interventional procedures tend to carry
higher mortality than purely diagnostic catheterizations.
In the first 1,500-patient coronary angioplasty registry
sponsored by the National Heart, Lung, and Blood
Institute (NHLBI) from 1979 to 1982, the mortality of
elective angioplasty was 1.1% (15). This was relatively
unchanged at 1.0% in the second NHLBI registry of 1,802
patients treated at 15 centers between 1984 and 1987,
mainly because the second registry included more

patients with adverse features (advanced age, poor ven-
tricular function, multivessel disease, prior bypass surgery,
and so on) (16). In fact, the mortality for single-vessel
procedures fell from 1.3 to 0.2% between the first and
second registry. 

With the introduction of newer devices (e.g., stents,
atherectomy, laser) to treat high-risk lesions preemptively
or reverse abrupt closure following attempted conven-
tional balloon angioplasty, the overall mortality for elec-
tive coronary intervention has fallen further (Chapter
22), but the extension of intervention to other high-risk
subsets, including patients with acute myocardial infarc-
tion undergoing primary angioplasty, has kept overall
mortality close to 1% (17)—roughly 10-fold higher than
purely diagnostic catheterization (i.e., 1% versus 0.1%).
Several multivariable models that predict procedural
mortality (range 0 to 35%) have been developed based
on age, ejection fraction, treatment for acute myocardial
infarction/shock, urgent/emergent priority, and so on
(17–20) (Fig. 3.1; see also Chapter 22). There is thus such
a wide variation in risk of death in the course of coronary
intervention—based on patient comorbidities, clinical
indication, and procedure type—that these “average”
risks should be quoted only to “average” patients,
whereas patients with one or more adverse risk factors
should be told candidly during the informed consent
process that their expected risks are somewhat higher
than these averages.

MYOCARDIAL INFARCTION

Although transient myocardial ischemia is relatively com-
mon during diagnostic catheterization and occurs rou-
tinely during coronary intervention, myocardial infarction
is an uncommon but important complication of diagnos-
tic cardiac catheterization. In the late 1970s, data from the
Coronary Artery Surgery Study showed a myocardial infarc-
tion rate of 0.25% for coronary angiography (21). In the
first, second, and third registries conducted by the Society
for Cardiac Angiography (4,5,7), the risk of myocardial
infarction fell progressively, from 0.07%, to 0.06%, to
0.05%. However, the risk of precipitating myocardial
infarction during diagnostic catheterization is clearly influ-
enced by patient-related factors that include the extent of
coronary disease (0.06% for single-vessel disease, 0.08%
for triple-vessel disease, and 0.17% for left main disease)
(5), the clinical indication (e.g., unstable angina or recent
subendocardial infarction), and the presence of insulin-
dependent diabetes. The progressive reduction in overall
risk of myocardial infarction since the 1970s likely reflects
greater attention to catheter flushing, pressure damping—
all nuances that are now considered to be integral parts of
coronary angiography (see Chapter 11), as well as the
potential benefits of interval adoption of systemic
heparinization for coronary angiography (22). It should
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be pointed out, however, that these risks remain low
even after most laboratories abandoned routine systemic
anticoagulation for diagnostic catheterization, and thus
more likely reflects better patient preparation (beta block-
ade), widespread adoption of low-osmolar contrast agents
with reduced hypotension, and ready availability of ad hoc
percutaneous coronary intervention for unstable patients
with anatomically suitable disease. 

Interventional Procedures

Coronary interventions may produce myocardial infarc-
tion by a variety of mechanisms that include dissection,
abrupt vessel closure, “snowplow” occlusion of side
branches, spasm of the epicardial or arteriolar vessels
(no reflow), thrombosis, or distal embolization (see
Chapter 22). Q-wave myocardial infarction was reported
in 4.8% of patients in the first NHLBI registry and 3.6% in
the second NHLBI registry (16). This includes roughly half
of the 6% of PTCA patients who were sent for emergency
bypass surgery owing to abrupt vessel closure (15). Over
the last decade, experience with coronary stenting has led
to marked reduction in the need for emergency bypass
surgery (to roughly 0.2%; see Chapter 22), and accord-
ingly the incidence of Q-wave infarction has fallen to
roughly 1%.

Largely as a spin-off of trials conducted with the
platelet glycoprotein IIb/IIIa receptor blockers in the mid
1990s, however, the official definition of periprocedural
myocardial infarction has now been broadened to
include non–Q-wave infarctions (more properly called
non–ST-elevation myocardial infarctions) detected by
elevation of the total creatine kinase (CK) to more than

twice normal, or elevation of the CK-MB fraction to
more than three times normal—even if the total CK is
not elevated (23). Using these more sensitive definitions,
roughly 20% of patients experience some increase in CK-
MB fraction after an otherwise successful intervention
(24). Patients with these low-level enzyme elevations are
more likely to have some degree of chest discomfort, but
this finding is common also in patients without enzyme
elevation, where it presumably represents stimulation of
adventitial pain receptors by local stretching at the treat-
ment site (25).

Although elevation of CK-MB above five or eight times
normal corresponds to a significant amount of myocardial
necrosis and carries the same adverse impact on long-term
prognosis as a Q-wave infarction, considerable debate still
exists about the meaning of such CK elevations in patients
who have had otherwise successful interventional proce-
dures (26) (Fig. 3.2A). Yet long-term follow-up of patients
from several multicenter trials (27) has shown that
patients with even low-level (one to three times normal)
elevation of postprocedural CK after PCI have a greater
incidence of late adverse outcomes (Fig. 3.2B). In my mind
(DSB), the question is whether any such relationship is
cause and effect, or simply an association of both peripro-
cedural CK elevation and late events with a common con-
founding variable (such as the diffuse underlying athero-
sclerosis) (28,29). In any event, there does not seem to be
an increase in early mortality with low-order CK elevation,
so there is no need to prolong hospitalization beyond
what is necessary to document that the CK curve has
peaked and begun to fall, nor to institute any specific ther-
apy other than the usual postintervention antiplatelet and
lipid-lowering therapies.

Figure 3.1 Mayo clinic risk score
for mortality after coronary interven-
tion assigns integer coefficients for
each named clinical variable and
reads the estimated mortality risk
that corresponds to the total of the
integer coefficients from the curve
and the valve on the Y-axis. The 2% of
patients with a total score over 14
thus have an expected procedural
mortality of 25%!
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CEREBROVASCULAR COMPLICATIONS

Cerebrovascular accidents (strokes) are uncommon but
potentially devastating complications of diagnostic car-
diac catheterization. Early experience showed an inci-
dence as high as 0.23% in the 1973 study of Adams and
others (30), compared with the 0.07% incidence for the
more recent diagnostic catheterizations included in the
Society for Cardiac Angiography registries (4,5). Every
invasive cardiologist should be familiar with potential
etiologies, preventive strategies, and treatments for catheter-
ization-related stroke, and should develop the routine
habit of speaking with the patient directly at the end of the
procedure. If the patient is less alert, has slurred speech,
and either visual, sensory, or motor symptoms during or
after a left heart procedure, there should be a low threshold
for performing a screening neurologic exam or obtaining
an urgent stroke neurology consultation. For major hemi-
spheric events, an urgent carotid angiogram and neurovas-

cular rescue should be considered (usually with a prior
computed tomography [CT] or magnetic resonance [MR]
scan to exclude hemorrhage), in the hope that neurovascu-
lar rescue will minimize the risk of major long-term neuro-
logic deficit or death (if a qualified neurointerventionalist
is available) (31).

The risk of stroke is somewhat higher with coronary
intervention, as expected based on the use of guiding
catheters, multiple equipment exchanges in the aortic root,
aggressive anticoagulation, and longer procedure times. A
recent review of 12,407 patients who underwent PCI at the
Washington Hospital Center (32), showed a 0.38% risk of
per-procedural stroke (roughly half hemorrhagic and half
embolic). Risk factors included age older than 80 years, use
of an intra-aortic balloon pump, and saphenous vein graft
intervention. Patients who sustained a stroke had a 37% in-
hospital and 56% 1-year mortality, compared with 1.1%
in-hospital and 6.5% 1-year mortality in patients who did
not sustain a stroke. 

Although cerebral hemorrhage must always be excluded,
the main cause of catheterization-related strokes seems to
be embolic. There is some evidence that many such emboli
are dislodged from unsuspected aortic plaque or diffuse
atherosclerosis, given the observation that atheroscle-
rotic debris is liberated from the wall of the aorta in 40
to 60% of cases during advancement of large-lumen
guiding catheters over a 0.035-inch guidewire (33).
Sensitive measures such as transcranial Doppler monitor-
ing of the middle-cerebral artery shows common high-
intensity transients during contrast injections or catheter
movements (34), and diffusion-weighted magnetic reso-
nance imaging (MRI) before and after retrograde left heart
catheterization shows �20% incidence of scan defects (but
only a 3% neurologic event rate) when aortic stenotic
valves are crossed (35). Most neuro-ophthalmologic com-
plications (i.e., retinal artery embolization) (36), and the
syndrome of diffuse cholesterol embolization (37) also
appear to be caused by emboli released by disruption of
unrecognized plaques on the walls of the aorta, liberating
cholesterol crystals, calcified material, or platelet-fibrin
thrombus into the aortic root. 

So beyond paying careful attention to flushing and
injection technique, and minimizing dwell time of
guidewires in the aortic root of patients who are not fully
anticoagulated, we have begun routinely advancing our
end hole (i.e., coronary angiographic or, particularly, guid-
ing) catheters around the arch to the ascending aorta over
the guidewire, and before removing the wire, flushing and
clearing the catheter with contrast (see Chapter 4). We
believe that the benefit of advancement over a guidewire in
reducing trauma to arch atheroma offsets the risk of intro-
ducing debris, clot, or air into the aortic root by perform-
ing the first catheter flush in the ascending rather than in
the descending aorta. There can be no excuse, however, for
contributory technical malfeasance such as sloppy catheter
flushing, introduction of air bubbles during contrast

Figure 3.2 Mortality analysis for CK-MB elevation postinter-
vention shows clear effect only for CK-MB greater than five to
eight times normal. However, some other analyses suggest that
lower-order CK elevations are also associated with increased
mortality. (Top, See reference 26. bottom, from Akkerhuis KM,
et al. Minor Myocardial Damage and Prognosis: Are Spontaneous
and Percutaneous Coronary Intervention—Related Events
Different? Circulation 2002;105: 554–556).



injection, inadvertent placement of wires and catheters
into the arch vessels, prolonged (�3 minutes) wire dwell
times during attempts to cross a stenotic aortic valve, or
failure to carefully wipe and immerse guidewires in
heparinized saline before their reintroduction during left-
sided heart catheterization. 

In addition to aortic root sources, embolic material may
also originate in the cardiac chambers, thrombotic coro-
nary arteries, or the surface of cardiac valves. One should
thus avoid placing the pigtail catheter fully out to the left
ventricular apex in patients with suspected aneurysm or
recent myocardial infarction, since either condition may be
associated with potentially dislodgeable mural thrombus.
A clot contained in an occluded native coronary artery or
vein graft can also be inadvertently withdrawn or propelled
out of that vessel and into the aortic root during attempted
coronary intervention or forceful injection of contrast
through a distal superselective catheter. Care must also be
taken to avoid trans-septal catheterization or mitral valvu-
loplasty in patients with left atrial thrombus, which may
increase the incidence of clinical stroke. Even avoiding
such patients, there is an unexpectedly high incidence of
new hyperintense brain lesions by MRI after percutaneous
balloon mitral valvuloplasty (38) suggesting that small
subclinical emboli may occur more commonly than previ-
ously suspected. In patients with right-to-left shunting
(including atrial septal defects with Eisenmenger physiol-
ogy and patients with right ventricular infarction and a
patent foramen ovale), paradoxic embolization may also
lead to stroke. In such patients, the same level of care
regarding flushing catheters and sheaths that is routine
during left heart procedures should also be extended to
right heart procedures. 

The question of embolic risk also invariably comes up
when it is necessary to perform catheterization on patients
with endocarditis of left-sided (aortic and mitral) heart
valves. Although these vegetations look friable and can
embolize spontaneously, they have already withstood
repeated trauma from opening and closing of the affected
valves without dislodgment. In a series of 35 patients with
active endocarditis who underwent left-sided cardiac
catheterization (5 of whom had prior spontaneous systemic
emboli), none had a catheterization-induced embolic event
(39). With current noninvasive techniques for assessing the
left ventricle and mitral valve, it generally is not necessary to
enter the left ventricle in a patient with left-sided endo-
carditis, however (see Chapter 12).

Beyond cerebrovascular emboli from intracardiac,
arterial, or catheter sources, patients receiving aggressive
anticoagulation, antiplatelet, or thrombolytic therapy are
also prone to spontaneous intracerebral bleeding as a
potential cause for postprocedure neurologic complica-
tions. If any doubt exists, and particularly if thrombolytic
therapy or intensive anticoagulation is being considered
as treatment for a presumptive cerebrovascular embolus,
neurologic consultation and CT or MRI scanning are advis-

able. The distinction is critical, because there have been
reported cases of resolution of embolic strokes that
occurred during cardiac catheterization after selective
infusion of a thrombolytic into the occluded cerebral ves-
sel (31), as well as successful treatment of patients with
posterior fossa bleeds as the result of prompt recognition
and neurosurgical evacuation. 

LOCAL VASCULAR COMPLICATIONS

Local complications at the catheter introduction site are
among the most common problems seen after cardiac
catheterization procedures, and probably are the single
greatest source of procedure-related morbidity. Specific
problems include vessel thrombosis, distal emboliza-
tion, dissection, or poorly controlled bleeding at the
puncture site. Ongoing bleeding may be owing to a
poorly placed puncture, vessel laceration, excessive anti-
coagulation, or poor technique in either suture closure
(brachial approach, see Chapter 5), mechanical groin
compression, or use of a puncture-sealing device (femoral
approach, see Chapter 4). 

With the femoral approach, poorly controlled bleeding
may present as free hemorrhage, femoral or retroperitoneal
hematoma, false aneurysm, or arteriovenous fistula.
Although frank hemorrhage and hematoma are generally
evident within 12 hours of the procedure, the diagnosis of
false aneurysm may not be evident for days or even weeks
after the procedure. Given the common and troublesome
nature of postprocedure vascular complications, all cardiac
catheterization operators must understand vascular access
and closure techniques completely to recognize and treat
each type of complication. Early experience with the femoral
approach by Judkins and others reported a 3.6% local com-
plication rate (40), but the Society for Cardiac Angiography
registries reported a 0.5 to 0.6% incidence of vascular com-
plication for diagnostic catheterization, which was similar
for the brachial and femoral approaches (7). Brachial com-
plications (see Chapter 5) tend to be thrombotic whereas
femoral complications tend to be hemorrhagic, but excep-
tions to this general rule can and do occur. 

Femoral artery thrombosis can occur in patients with a
small common femoral artery lumen (peripheral vascular
disease, diabetes, female gender), in whom a large-diameter
catheter or sheath (e.g., an intra-aortic balloon pump) has
been placed, particularly when the catheter dwell time is
long or when prolonged postprocedure compression is
applied. Such patients have a white painful leg with
impaired distal sensory and motor function, as well as
absent distal pulses. If this develops during the catheteriza-
tion procedure and is not corrected promptly by sheath
removal, a flow-obstructing dissection or thrombus at the
femoral artery puncture site or a distal arterial embolus
should be suspected. This requires urgent attention via vas-
cular surgery consultation (for exploration and correction
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of any local dissection or plaque avulsion and Fogarty
embolectomy of the distal vessel as needed to restore distal
pulses). Alternatively, operators skilled in peripheral inter-
vention may be able to puncture the contralateral femoral
artery, cross over the aortic bifurcation, and address a com-
mon femoral occlusion percutaneously (41) (Fig. 3.3).
Either way, failure to restore limb flow within 2 to 6 hours
may result in extension of thrombosis into smaller distal
branches, with muscle necrosis requiring fasciotomy or
even amputation.

Femoral venous thrombosis and pulmonary
embolism are rare complications of diagnostic femoral
catheterization (Fig. 3.4). A small number of clinical
cases have been reported, however, particularly in the set-
ting of venous compression by a large arterial hematoma,
sustained mechanical compression (see Chapter 4), or
prolonged procedures with multiple venous lines (e.g.,
electrophysiologic studies) (42). The actual incidence of
thrombotic and pulmonary embolic complications may,
however, be substantially under-reported, since most are
not evident clinically. Asymptomatic lung scan abnor-
malities have thus been described in up to 10% of patients
after diagnostic catheterization (43). (See also Chapters
13 and 30.) 

Although thrombotic complications do occur, poorly
controlled bleeding from the arterial puncture site is a
more common problem after cardiac catheterization by
the femoral approach (44). Uncontrollable free bleeding
around the sheath suggests laceration of the femoral
artery. If such free bleeding does not respond to replace-
ment with the next larger diameter sheath, the bleeding
should be restricted by manual compression around the
sheath until the procedure is completed. Anticoagulation
may be reversed, and an attempt made to remove the
sheath and control bleeding with prolonged (30- to 60-
minute) compression or to place a femoral closure device
(see Chapter 4). But blood should be typed and cross-
matched for transfusion, and the vascular surgeons should
be consulted regarding operative repair should the bleed-
ing continue.

Formation of a hematoma—a collection of blood
within the soft tissues of the upper thigh—is more common
than free bleeding. It tends to cause a tender mass the size
of a baseball or softball. If ongoing bleeding stops with
manual compression, the hematoma will usually resolve
over 1 to 2 weeks as the blood gradually spreads and is
reabsorbed from the soft tissues. Instances of femoral
or lateral cutaneous nerve compression from groin
hematomas, however, may lead to sensory or motor
deficits that may take weeks or even months to resolve
(45). Larger hematomas may require transfusion, but sur-
gical repair of a hematoma (as opposed to a false aneurysm,
see below) is generally not required. Given the discomfort
caused by large hematomas, and the potential of such
hematomas to evolve into false aneurysms, accurate punc-
ture and puncture site compression or closure technique to

minimize hematoma formation are essential parts of good
catheterization technique.

Retroperitoneal bleeding may occur if the front or back
wall of the femoral artery was punctured above the
inguinal ligament, allowing the resulting hematoma to
extend into the retroperitoneal space (46,47). Such bleed-
ing is not evident from the surface, but should be consid-
ered whenever a patient develops unexplained hypoten-
sion (particularly if it responds only briefly to aggressive
volume loading), fall in hematocrit, or ipsilateral flank
pain following a femoral catheterization procedure. The
diagnosis may be confirmed by CT scanning or abdomi-
nal ultrasound (Fig. 3.5), but the treatment is usually
expectant (transfusion, bed rest) rather than surgical. The
best prevention for retroperitoneal bleeding is careful
identification of the puncture site to avoid entry of the

Figure 3.3 Femoral artery thrombosis. The morning after
AngioSeal closure of the right femoral artery, this patient experi-
enced sharp pain and swelling at the site, managed by 30 minutes
of compression. After that, he reported severe pain and loss of
sensation in a white limb. Upper left. Crossover from the con-
tralateral side showed occlusion of the common femoral with
reconstitution. Upper center. After balloon dilation, there was a
prominent filling defect consistent with thrombus. Upper right.
After AngioJet thrombectomy, the filling defect has decreased in
size. Lower left. Distal injection, however, showed thrombotic
occlusion of both the anterior tibial (AT) and the tibioperoneal (TP)
trunk. Lower center. After catheter suction, patency of these ves-
sels was restored. Lower right. Distal angiogram shows filling of
both the dorsalis pedis and posterior tibial vessels. (Case courtesy
of Dr. Andrew Eisenhauer, Brigham and Women’s Hospital.)
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common femoral near or above the inguinal ligament.
Effective catheter-based interventions include an ipsilateral
(or contralateral if the problem is low in the iliac)
approach for localization and tamponade of the retroperi-
toneal bleeding site, using a peripheral angioplasty bal-
loon followed by placement of a covered stent, as possible
alternatives (41,47,47a). This is particularly relevant when
the cause is a sheath-induced laceration of a tortuous iliac
artery, bleeding from which can be fatal within a matter of
minutes without such catheter-based control (Fig. 3.6).

A pseudoaneurysm may develop if a hematoma remains
in continuity with the arterial lumen (i.e., following dissolu-
tion of the clot plugging the arterial puncture site; Fig. 3.7).
Blood flowing in and out of the arterial puncture expands
the hematoma cavity during systole and allows it to
decompress back into the arterial lumen in diastole. Since
the hematoma cavity contains no normal arterial wall
structures (i.e., media or adventitia), this condition is
referred to as false or pseudoaneurysm. It can often be dis-
tinguished from a simple hematoma on physical examina-
tion by the presence of pulsation and an audible bruit over

the site, but Duplex ultrasound scanning is confirmatory
(48). Since all but the smallest (�2-cm diameter) false
aneurysms tend to enlarge and ultimately rupture, we
usually have the vascular surgeons repair them (generally
under local anesthesia) when they are detected (44). Less
invasive alternatives to vascular surgical repair include ultra-
sound-guided compression of the narrow neck through
which blood exits the femoral artery for 30 to 60 minutes,
which may permanently close the track and eliminate the
need for surgery (49), or injection of the false aneurysm
cavity with procoagulant solutions or embolization coils
during ultrasound or contralaterally inserted balloon
occlusion of the aneurysm neck (50) (Fig. 3.8). False
aneurysms smaller than 2 cm in diameter may be followed
expectantly, since up to half close before a 2-week follow-
up ultrasound (51). 

The keys to avoiding pseudoaneurysm formation are
accurate puncture of the common femoral artery and effec-
tive initial control of bleeding after sheath removal.
Punctures of the superficial femoral or profunda artery (i.e.,
puncture below the bifurcation of the common femoral)

Figure 3.4 Deep venous thrombosis postcatheterization. This 63-year-old man had an 8-F
AngioSeal device used to close the arterial puncture site in the right groin. When the patient sat up
18 hours after the procedure, he developed acute pain and swelling in the right groin. Manual pres-
sure was held during 20 minutes for suspected groin hematoma. Ultrasound was performed for the
presence of a bruit and showed that the femoral vein was not compressible (right panel, arrow),
indicating femoral thrombosis. In addition to therapy with aspirin and clopidogrel, anticoagulation
was initiated with enoxaparin until adequately anticoagulated with oral warfarin. (Case provided
courtesy of Dr. Marie Gerhard-Herman, Brigham and Women’s Hospital.)
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are significantly more likely to lead to false aneurysm for-
mation because of the smaller caliber of the artery and the
lack of a bony structure against which to compress after
sheath removal (52). Fluoroscopic localization of the skin
nick to overlie the inferior border of the femoral head effec-
tively avoids this error (see Chapter 4). Effective initial con-
trol is also essential, because allowing a hematoma to form
makes effective control more difficult and initiates natural
thrombolytic activity in the hematoma that may dissolve
the early fibrin plug at the puncture site.

An arteriovenous fistula results from ongoing bleeding
from the femoral arterial puncture site that decompresses
into an adjacent venous puncture site (Fig. 3.8). This can
be recognized by a to-and-fro continuous bruit over the
puncture site, and may not be clinically evident until days
after a femoral catheterization procedure (53). These fistu-
lae may enlarge with time, but at least one third close
spontaneously within 1 year, after which surgical repair
should be entertained (54). The most common findings at
surgery are a low puncture (i.e., of the superficial femoral

Figure 3.5 Retroperitoneal bleed. A 67-year-old man underwent coronary intervention. Left. The
sheath injection shows a relatively high puncture entering the common femoral artery at the top (rather
than the middle) of the femoral head. The next day after AngioSeal closure, he felt a pop and pain in his
groin and became hypotensive, responding only briefly to atropine and fluids, with a fall in hematocrit
from 42 to 35%. Center. A CT scan at the level of the femoral neck shows the common femoral artery
bilaterally. Right. A CT scan slice in the lower abdomen shows a large right retroperitoneal bleed oblit-
erating the psoas muscle. With continued fall in his hematocrit, he was taken to the operating room,
where active bleeding was found from the anterior wall of the external iliac artery, from which the clo-
sure device had dislocated. He was discharged on day 9 after a total of 15 units of packed red cells.

Figure 3.6 Iliac artery laceration. Left. Baseline sheath insertion angiogram shows marked tortu-
osity of the right iliac artery (arrow), which led to the placement of a long sheath past the area of tor-
tuosity. Center. After the coronary intervention, the patient complained of abdominal pain and
became progressively hypotensive, with sheath reinjection showing extravasation of contrast from
the iliac and compression of the right dome of the bladder, consistent with free retroperitoneal
bleeding. Right. Via contralateral crossover access, a covered WALLGRAFT was placed in the exter-
nal iliac to seal the laceration. (Case provided courtesy of Dr. Paul Teirstein, Scripps Clinic.)



to which cross-reactions may still occur. In patients with a
severe prior allergic reaction to contrast, use of a nonionic
contrast agent can be combined with steroid and antihista-
mine premedication, although even then breakthrough
allergic reactions may occur (87-88). (see Chapter 2).

When a patient with a well-documented prior severe
contrast reaction needs to undergo repeat catheterization,
aortic pressure should be recorded before the catheter is
cleared with contrast, since even this small amount of
contrast can cause significant histamine release. The
“money shots” of the coronaries should be obtained first,
since a severe contrast reaction to the left ventriculogram
may preclude further angiography. If a severe reaction
occurs, it can be reversed with an intravenous injection of
dilute epinephrine (89): 1 mL of 1:10,000 epinephrine
(i.e., 0.1 mg of epinephrine per mL) is drawn up from the
syringe on the crash cart, diluted further to a total volume
of 10 mL (10 mcg/mL), and labeled so that it is not mis-
taken for flush. The epinephrine is administered into the
right-sided heart catheter in boluses of 1 mL (or 10 mcg)
every minute, until arterial pressure is restored. It is rare to
have to give more than 10 mL (100 mcg) in total, and
excessive doses should be avoided, since they may precipi-
tate life-threatening hypertension, tachycardia, or even
ventricular fibrillation.

Although reactions to contrast are the most common
allergic reaction in the cardiac catheterization laboratory,
reactions to protamine sulfate, a biologic product derived
from salmon eggs, can also occur. These reactions seem to
be more common in insulin-dependent diabetics who
have received NPH insulin (that contains protamine) (89).
In current practice, with no heparin given for most diag-
nostic catheterizations and widespread use of puncture-
closure devices, it is rare to administer protamine in the
catheterization laboratory.

Another allergic reaction that should be considered—
even though it is rarely seen in the cardiac catheterization
laboratory itself—is heparin-induced thrombocytopenia
(HIT) (90,91) (see also below). Up to 10% of patients will
have a fall in platelet count to �50,000 after 4 days of
heparin exposure owing to a direct nonimmune mecha-
nism (so called HIT-1). But a much smaller number (�1
%) will exhibit a more profound fall in platelets combined
with arterial and venous thrombosis owing to an antibody
that binds to the complex of heparin with platelet factor 4
and causes platelet activation (HIT-2, or HITT {heparin-
induced thrombocytopenia and thrombosis})(91a). This
usually does not develop until day 5, unless there has been
prior sensitization to heparin, and can be diagnosed by
blood testing, which should be done in any postprocedure
patient who develops thrombocytopenia. If positive, an
alternative nonheparin (i.e., neither unfractionated nor
low–molecular-weight heparin) anticoagulant agent
should be used (see below). If thrombocytopenia develops
after a coronary interventional procedure, the assay for
heparin antibodies is particularly important to distinguish
it from the thrombocytopenia that develops in 1 to 3% of

patients treated with a IIb/IIIa receptor blocker (see
below). 

RENAL DYSFUNCTION

Temporary or permanent renal dysfunction is a serious
potential complication of cardiac angiography. The poten-
tial mechanisms of contrast-induced nephropathy (CIN)
include vasomotor instability, increased glomerular perme-
ability to protein, direct tubular injury, or tubular obstruc-
tion. At least 5% of patients experience a transient rise in
serum creatinine (�0.5 mg/dL or a relative increase of
25%) following cardiac angiography (92), making CIN the
third most common cause of hospital-acquired renal fail-
ure. It may occur in 15% of the general cath population, or
�50% of patients who have risk factors including diabetes,
preexisting renal dysfunction, multiple myeloma, volume
depletion, or other drug therapy (e.g., gentamicin,
angiotensin-converting enzyme inhibitors, nonsteroidal
anti-inflammatory drugs [NSAIDs]). Most such creatinine
elevations are nonoliguric, peak within 1 to 2 days, and
then return to baseline by 7 days, but may rarely go on to
require chronic dialysis. The occurrence of CIN increases
length of hospital stay and is associated with a fivefold
increase in in-hospital mortality (93). If dialysis is required,
there is a further increase in mortality (from 1.1 to 7.1%
with CIN to 35.7% with CIN plus dialysis).

The main defense against contrast-induced nephropathy
is limitation of total contrast volume to 3 mL/kg (or 5
mL/kg divided by serum creatinine, in patients with elevated
baseline creatinine). In the 1990 Society for Cardiac
Angiography and Intervention (SCA&I) registry, the mean
volume of contrast administered during diagnostic cardiac
catheterization was 130 mL for diagnostic procedures and
191 mL for angioplasty procedures, indicating that staying
within 3 mL/kg limit for patients with normal renal func-
tion (7) should usually be possible. In patients with reduced
renal function and especially with diabetes, extra attention
must be paid to limiting unnecessary angiographic views
and multiple contrast puffs during interventional wire and
device placement, which may drive up the total contrast vol-
ume. There is some experience with using gadolinium
(Magnevist, Amersham GE) as a substitute or diluent for
iodinated contrast (see Chapter 2). Animal data suggest that
low-osmolar contrast agents may have lower renal toxicity;
prospective trials comparing high- and low-osmolar contrast
agents have generally failed to show consistent benefit
(94,95). Trials with the iso-osmolar agent iodixanol
(Visipaque), however, have tended to show benefit (96). 

Adequate prehydration is also critically important in any
patient with impaired baseline renal function. In one classic
study (97), 26% of patients with a mean baseline serum cre-
atinine of 2.1 mL/dL had a rise in serum creatinine by �0.5
mg/dL. Hydration with 1/2 normal saline for 12 hours
before and after the contrast procedure provided the best
protection against creatinine rise (which then occurred in
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11%), but 26 to 28% of patients who received hydration in
combination with either furosemide or mannitol had such a
rise. There may be some benefit to the use of sodium bicar-
bonate (154 mEq/L) rather than saline for prehydration
(98). Postprocedure hemofiltration in the intensive care unit
has also been reported to reduce the incidence of contrast
nephropathy in one study, presumably by direct contrast
removal and consequent shortened renal exposure (99).

The free-radical scavenger n-acetyl cysteine (600 mg
orally before and twice a day after contrast exposure) has
shown some benefit (100), although other trials have
failed to show benefit (101). A meta-analysis of seven ran-
domized trials, however, does suggest benefit (102), and
the agent is generally quite benign. 

There is also some support for afferent arteriolar vasocon-
striction as a mechanism for contrast nephropathy, but renal-
range dopamine actually worsens contrast nephropathy
(103). The selective DA-1 receptor, fenoldopam, provides
more potent afferent arteriolar vasodilation and had positive
results in a pilot trial (104). But benefit of systemic infusion
was evident however, in the 300-patient CONTRAST trial in
which 28% of fenoldopam patients and 24% of placebo
patients had a 0.5 mL/dL increase in serum creatinine at 96
hours postcatheterization (105). A device that allows selec-
tive simultaneous infusion of fenoldopam into both renal
arteries (Benephit™ Infusion System, FlowMedica, Fremont
CA) allows more profound renal vasodilation with little or
no systemic hypotension, is now under investigation for
CIN.

Another cause of renal failure following cardiac catheter-
ization is systemic cholesterol embolization (106). This
clinical syndrome is seen in 0.15% of catheterizations, but
cholesterol emboli can be identified pathologically in
many more patients. Patients at greatest risk are those with
diffuse atherosclerosis or abdominal aortic aneurysm, in
whom insertion of a guiding catheter will frequently pro-
duce a shower of glistening particles on the table drape
(33). The hallmarks of cholesterol embolization are evi-
dence of peripheral embolization (including livido reticu-
laris, abdominal or foot pain, and purple toes). Episodic
hypertension or systemic eosinophilia may be apparent
well before the other manifestations develop. Renal failure
due to cholesterol embolization tends to develop slowly
(over weeks to months, rather than over 1 to 2 days as is
seen with contrast nephropathy). Half of the patients with
this syndrome progress to frank renal failure. Renal biopsy
can confirm the presence of cholesterol clefts, but is seldom
necessary for diagnosis. Treatment is purely supportive.

OTHER COMPLICATIONS

Hypotension

Reduction in arterial blood pressure is one of the most
common problems seen during catheterization. This reduc-

tion represents the final common manifestation of a variety
of conditions including the following: (a) hypovolemia,
owing to inadequate prehydration, blood loss, or excessive
contrast-induced diuresis; (b) reduction in cardiac output,
owing to ischemia, tamponade, arrhythmia, or valvular
regurgitation; or (c) inappropriate systemic arteriolar
vasodilation, owing to vasovagal, excessive nitrate adminis-
tration, or a vasodilator response to contrast or mixed
inotrope-vasodilator drugs such as dopamine or dobuta-
mine. Few places, however, are as well equipped as the car-
diac catheterization laboratory to recognize, diagnose, and
treat hypotension. If routine right heart catheterization has
not been done, evolving hypotension is certainly an ade-
quate reason to insert such a catheter to differentiate among
hypovolemia, high output syndrome (including sepsis),
and cardiogenic shock.

Low filling pressures mandate rapid volume administra-
tion through the peripheral intravenous line and the side
arm of the venous sheath (500 to 1,000 mL of normal
saline can be given in 5 minutes by this route) and consid-
eration of potential sites of blood loss (expanding thigh
hematoma, retroperitoneal bleeding). If low filling pres-
sures are combined with inappropriate bradycardia,
atropine should be given for a potential vasovagal reaction.
High filling pressures, however, suggest primary cardiac
dysfunction and should prompt consideration of ischemia,
tamponade, or sudden onset of valvular regurgitation. Such
patients should be supported empirically by inotropic
agents (dopamine, dobutamine, milrinone), vasopressors
(Levophed or Neo-Synephrine), or circulatory support
devices (see Chapter 21), as a more precise cause is uncov-
ered and treated. The operator also must decide whether
the precipitating problem will require surgical intervention
or whether a corrective intervention should be performed
in the cardiac catheterization laboratory. If bradycardia is
present and does not respond to atropine, consideration
should be given to atrial (or AV) sequential pacing to pre-
serve the atrial kick in such patients.

One of the most common oversights in managing
hypotension is the failure to assess the cardiac output
through thermodilution or measurement of pulmonary arte-
rial oxygen saturation. On several occasions, high pulmonary
arterial saturation in a hypotensive patient has signaled coex-
istent sepsis, contrast reaction, or an idiosyncratic vasodilator
reaction to dopamine infusion. The essential importance of
initial empiric and then definitive correction of hypotension
and its causes—before hypotension leads to secondary
ischemia and an irreversible spiral of left ventricular dysfunc-
tion—cannot be overemphasized in salvaging patients who
might otherwise go on to have major complications.

Volume Overload

Patients in the cardiac catheterization laboratory are prone
to volume overload owing to the administration of hyper-
tonic contrast agents, myocardial depression or ischemia
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induced by contrast, poor baseline left ventricular function,
as well as their supine position and attempts to volume load
patients at risk for contrast-induced renal dysfunction. The
best treatments are prevention by optimizing volume status
before or early during the procedure and by use of low-
osmolar contrast agents. The support measures described
above (inotropes, diuretics, vasodilators, balloon pumping)
should also be applied in a progressive manner before the
patient goes into frank pulmonary edema with the resultant
agitation and desaturation. Once pulmonary edema devel-
ops, even more aggressive treatment is warranted. Allowing
the patient to sit up partially while morphine and nitroprus-
side are administered to bring filling pressures down may be
necessary. If respiratory failure seems imminent, anesthesia
support should be requested early enough to allow intuba-
tion before a full arrest develops.

Anxiety/Pain

Cardiac catheterization procedures should be well toler-
ated with oral sedative pretreatment (diazepam [Valium] 5 to
10 mg, and diphenhydramine [Benadryl] 25 to 50 mg) and
liberal use of local anesthetic at the catheter insertion site.
However, the amount of discomfort, level of anxiety, and
tolerance for either vary widely from patient to patient. The
first effort should be to understand why the patient is hav-
ing pain (vascular complication, perforation, coronary
occlusion, ischemia) and whether anything can be done to
reverse the problem. In the meantime, the catecholamine
surge associated with pain and anxiety may worsen the
condition of a patient who came to the cardiac catheteriza-
tion laboratory with unstable angina, aortic stenosis, con-
gestive heart failure, or hypertrophic myopathy. It is thus
routine practice also to manage such complaints sympto-
matically by administering small intravenous doses of fen-
tanyl (25 to 50 mg) and midazolam (Versed 0.5 to 1 mg).
Care must be taken, however, not to oversedate the patient
or to overlook an important and treatable cause for patient
complaints. Guidelines for monitoring conscious sedation
require monitoring of blood pressure, respiratory rate, and
pulse oximetry after such medications are administered.
The antagonist drugs—naloxone (Narcan) for opiates and
flumazenil (Mazicon) for benzodiazepines—should also
be stocked wherever the agonist drugs are used for con-
scious sedation. 

Respiratory Insufficiency

Problems with adequate ventilation or oxygenation are not
uncommon in the cardiac catheterization laboratory; they
may result from pulmonary edema, baseline lung disease,
allergic reaction, obstructive sleep apnea, or oversedation.
Patients are monitored throughout the procedure with a
finger pulse oximeter to detect progressive desaturation.
Data from such monitoring show that low-flow supple-
mental oxygen (2 L per minute via nasal prongs) helps

avoid episodes of desaturation (saturation �90%) that oth-
erwise occur with surprising frequency during cardiac
catheterization (34%) or coronary angioplasty (56%)
(107). If oxygen consumption is to be measured as part of a
calculation of cardiac output by the Fick method, supple-
mental oxygen administration should not be begun until
after that measurement (or should be interrupted for a least
10 minutes before the oxygen consumption is measured).
In most labs, however, the oxygen consumption is assumed
at 125 mL/m2 rather than measured, under which circum-
stance there is absolutely no reason to discontinue supple-
mental oxygen administration during a Fick measurement
of cardiac output.

Retained Equipment

Although diagnostic and therapeutic cardiac catheters have a
high degree of reliability, failures can and do occur whereby
devices knot (108), become entrapped (109), or leave frag-
ments in the circulation (110–111). Most of these events are
precipitated when such devices are stressed beyond their
design parameters, e.g., when a coronary angioplasty
guidewire is rotated multiple times in a single direction
while its tip is entrapped in a total occlusion, or when a
bare-mounted coronary stent cannot be advanced across a
lesion and strips off the delivery balloon during attempted
withdrawal. Operators should thus be familiar with device
performance limits and avoid placing devices into situations
that promote failure. Operators should also be familiar with
the use of vascular snares, bioptomes, baskets, and other
devices and techniques that can be used to recover the errant
fragments (111) when devices do fail (Fig. 3.11).

ADJUNCTIVE PHARMACOLOGY 
FOR CARDIAC CATHETERIZATION

It is clear from the above discussion that an important part
of interventional catheterization involves mastery of a broad
range of drugs. This includes anticoagulant, antiplatelet,
vasoactive, sedative, and antiarrhythmic agents. There is little
doubt that refinements in antiplatelet adjunctive pharma-
cology (e.g., glycoprotein IIb/IIIa inhibitors and thienopyr-
idine class of ADP receptor blockers) have contributed sig-
nificantly to the improvements in PCI success, safety, and
durability over the last decade, and this section will focus on
evidence-based recommendations for antithrombotic ther-
apy during PCI based on clinical presentation (Table 3.2),
highlighting the guidelines from the ACC/AHA (112,113)
and 7th ACCP Consensus Conference on Antithrombotic
Therapy (114). 

Aspirin

Acetylsalicylic acid (ASA) is one the most valuable medica-
tions used in cardiovascular medicine today and exerts its
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ANTITHROMBOTIC THERAPY DURING PCI
TABLE 3.2

Aspirin, 81–325 mg at least 2 hr prior to PCI
UFH using weight-adjusted dosing:

50–70 U/kg bolus (�GP IIb/IIIa) with ACT target 200–250 sec
70–100 U/kg bolus (�GP IIb/IIIa) with ACT target 250–350 sec

Bivalirudin, 0.75 mg/kg bolus followed by 1.75 mg/kg per hour 
infusion during PCI only

LMWH
0.5–0.75 mg/kg IV (�GP IIb/IIIa)
1.0 mg/kg IV (�GP IIb/IIIa)

Eptifibatide, 180 mcg/kg bolus,repeated 10 minutes later, and 
followed by 2 mcg/kg per minute infusion for 18 hrs post PCI

Abciximab, 0.25 mg/kg IV bolus followed by 0.125 mcg/kg 
per minute infusion for 12 hrs post PCI

Clopidogrel, 300–600 mg load, 75 mg daily
Ticlopidine, 500 mg load, 250 mg twice daily

The 7th ACCP consensus conference on antithrombotic and
thrombolytic therapy. (Modified from Popma, JJ, et al. Antithrombotic
therapy during percutaneous coronary intervention. Chest
2004;126:576S–599S.)

effect primarily by irreversibly inhibiting cyclo-oxygenase
to block platelet synthesis of arachidonic acid–derived
thromboxane A2—a promoter of platelet aggregation
(115). It causes a measurable inhibition of platelet func-
tion within 60 minutes (116). Although the optimal dose
for PCI has not been firmly established, randomized trials
have shown antithrombotic effect between 50 and 100 mg/
day. When given in combination with warfarin or
thienopyridine class of antiplatelet agents (e.g., clopido-
grel), the ASA dose should probably be lowered to 80 to
100 mg based on a post hoc analysis of data from the
Clopidogrel in Unstable angina to prevent Recurrent
Events (CURE), which showed similar efficacy but less
major bleeding with the low dose (�100 mg) of ASA (117). 

The benefits of ASA in reducing cardiovascular death, MI,
and stroke in patients with coronary artery disease (118) has
led to the near universal use of this medication for patients
undergoing PCI. The initial studies involving ASA in PCI
included combined antiplatelet regimens with dipyri-

damole, which reduced the incidence of periprocedural MI
during PCI by 77% compared with patients receiving
placebo when administered 24 hours prior to balloon
angioplasty and continued for 4 to 7 months (119).
Dipyridamole, however, provides no additional benefit
beyond ASA (120). ASA has been shown to be effective in
patients undergoing intracoronary stent placement, espe-
cially in combination with ticlopidine or clopidogrel (121).

Several studies have suggested that 5 to 60% of patients
may not respond to ASA (122,123). This concept of ASA
nonresponsiveness or resistance is based on variable defin-
itions, including inability to protect against thrombotic
complications, failure to cause prolongation of bleeding
time, failure to inhibit platelet aggregation, or failure to
inhibit platelet TXA2 production. The precise mechanism
of ASA resistance is unknown, but it may include cellular,
clinical, and genetic factors, as well as concomitant use of
nonsteroidal anti-inflammatory drugs (NSAIDs), which
may inhibit the clinical benefits of ASA by competing for a
common docking site on COX-1 (124). 

There is emerging clinical evidence that ASA resistance
is associated with an increased risk of major adverse car-
diovascular events. Five studies in patients with coronary,
peripheral, and/or cerebrovascular disease have reported
1.8- to 10-fold increased risk of thrombotic events
(125–129). Using a bedside point-of-care device, Wang
et al. (30) reported the incidence of ASA nonresponsiveness
in a prospective multicenter registry to be 23% and deter-
mined a history of coronary artery disease to be associated
with twice the chance of being nonresponder (odds ratio
[OR], 2.01, 95% confidence interval [CI] 1.189 to 3.411,
P � .0009). This point-of-care determination of ASA non-
responsiveness appears to have important clinical implica-
tions in the PCI setting, with a significant increased risk of

Figure 3.11 Retrieval of fractured pacemaker lead. When this
biventricular pacemaker ceased to pace the atrium, the fractured
end of the lead was found free in right ventricle (upper left,
arrow), the loop of this lead was grasped with a deflectable map-
ping catheter (upper right, arrow), and the free end was pulled
down into the inferior vena cava. The free end was grasped with a
bioptome (lower left, arrow), and a goose-neck snare was
advanced over the lead to allow it to be removed though a 12 F
femoral venous sheath (lower right). (Case provided courtesy of
Dr. Laurence Epstein, Brigham and Women’s Hospital.)
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Longer-term clopidogrel after PCI reduces subsequent
adverse events. In the CURE study, 12,562 patients received
ASA and clopidogrel 300-mg bolus, followed by 75 mg
daily, versus ASA and placebo (47). The clopidogrel group
had a significant reduction (9.3% versus 11.4%, relative risk
reduction 20%, P � 0.001) in the primary end point (death
from cardiovascular cause, nonfatal myocardial infarction,
or stroke) in the group receiving clopidogrel. This benefit
was noted early (within 24 hours of treatment), was sus-
tained at 1 year, and was observed in all patients with acute
coronary syndromes regardless of their level of risk (141).
CURE patients who underwent PCI and were randomized
to clopidogrel had a 31% relative risk reduction in death
and myocardial infarction compared with placebo-treated
PCI patients. Furthermore, long-term (9 to 12 months)
compared with short-term (4 weeks) clopidogrel therapy

periprocedural myocardial infarction in ASA-nonrespon-
sive patients compared with ASA-sensitive patients (130). 

Allergic reactions to ASA include generalized urticaria,
maculopapular rash, asthma, angioedema, and anaphy-
laxis. ASA-allergic patients with coronary disease undergoing
PCI may be treated with a thienopyridine (e.g., clopidogrel)
alone or in combination with cilostazol. Some interven-
tional cardiologists favor ASA desensitization using escalat-
ing doses of oral ASA challenge prior to known coronary
interventions. This can be done safely and likely reduces
the ischemic complications of PCI without ASA pretreat-
ment (131,132).

Guideline Recommendations for ASA

The ACC/AHA guidelines recommend that ASA should be
administered as soon as possible after presentation with
acute coronary syndrome and continued indefinitely (Class
I, Level of evidence: A) (112). According to ACCP guidelines
(114), pretreatment with aspirin, 75 to 325 mg, is recom-
mended for all patients undergoing PCI (Grade 1A). For
long-term treatment after PCI, aspirin, 75 to 162 mg/day, is
recommended (Grade 1). For long-term treatment after
PCI in patients who receive antithrombotic agents such as
clopidogrel or warfarin, lower-dose aspirin, 75 to 100
mg/day, is advised (Grade 1C�).

Thienopyridines

The thienopyridine derivatives—ticlopidine and clopido-
grel—selectively and irreversibly inhibit the P2Y12 ADP
receptor, which plays a critical role in orchestrating platelet
activation and aggregation (133), and are synergistic with
ASA in providing greater inhibition of platelet aggregation
than either agent alone (134). Both agents are inactive in
vitro, but are metabolized by hepatic cytochrome P450-3A4
to produce active metabolites (135). Clopidogrel differs
structurally from ticlopidine by the addition of a car-
boxymethyl group, is six times more potent than ticlopi-
dine, and does not share any common metabolites with
ticlopidine (38). The inhibition of platelet aggregation by
ticlopidine and clopidogrel is present after 2 to 3 days of ther-
apy with ticlopidine 500 mg/day or clopidogrel 75 mg/day,
and platelet function recovers in 5 to 7 days after discontinua-
tion owing to the synthesis of new platelets (136). 

Pretreatment with clopidogrel prior to PCI improves
30-day outcomes compared with those not pretreated
(137–139), reducing death and MI by nearly 39%
(Fig. 3.12). To achieve this benefit, patients must be treated
between 6 and 12 to 15 hours prior to PCI, although use
of a 600-mg clopidogrel load may reduce the required pre-
treatment period to as short as 2 hours prior to PCI. The
thienopyridines and ASA in combination offer fivefold
reductions in acute and subacute stent thrombosis com-
pared with either ASA alone, warfarin, heparin, or long-
term LMWH (121,140) (Fig. 3.13).

Figure 3.13 Comparison of major adverse clinical events
(MACE %) after bare-metal stenting in the ISAR, FANTASTIC,
STARS, MATTIS, and CLASSICS trials. These events largely reflect
the incidence of subacute stent thrombosis. OAC, oral anticoagu-
lants; ASA, acetylsalicylic acid (aspirin); LD, loading dose. (From
Bertrand ME, et al. Double-blind study of the safety of clopidogrel
with and without a loading dose in combination with aspirin com-
pared with ticlopidine in combination with aspirin after coronary
stenting: the clopidogrel aspirin stent international cooperative
study (CLASSICS). Circulation 2000;102:628.)

Figure 3.12 Pretreatment with clopidogrel in the TARGET
study demonstrated a significant reduction in death or MI regard-
less of GP IIb/IIIa inhibitor therapy. (From Chan AW, et al.)
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post-PCI was associated with a 31% lower rate of cardiovas-
cular death, MI, or revascularization (P � .03).

Similar benefits of clopidogrel were seen in the CREDO
trial (138), which studied a more stable population under-
going stenting. Patients were randomly assigned to receive
a 300-mg clopidogrel loading dose or placebo 3 to 24
hours before PCI, followed by clopidogrel 75 mg daily for
28 days post PCI. The group loaded with clopidogrel were
continued on active drug from day 28 through 12 months
while the control group received placebo. There was a sig-
nificant 27% (P � .02) reduction in death, myocardial
infarction, or stroke in patients receiving clopidogrel, sug-
gesting that clopidogrel therapy should be continued in
addition to ASA for a minimum of 9 months post PCI. 

Clopidogrel does cause a significant increase in major
bleeding. In CURE, those receiving clopidogrel had bleed-
ing rates of 3.7% versus 2.7% (P � .001), most notably in
those patients requiring CABG (142). In CREDO, there was
only a trend toward more TIMI (Thrombolysis in
Myocardial Infarction [study]) major bleeding (8.8 versus
6.7%, P � .07) and no excess bleeds among patients under-
going CABG (138). In light of these findings, it is recom-
mended to delay elective CABG for 5 days after stopping
clopidogrel, and possibly to avoid preloading of clopido-
grel in unstable angina/non–ST elevation myocardial
infarction (UA/NSTEMI) patients until after the coronary
anatomy is identified and the need for CABG excluded,
although this decision needs to take into account the con-
sistent and substantial benefit of clopidogrel pretreatment
in reducing the risk of death and myocardial infarction 
(Fig. 13.12) versus the fact that revascularization by PCI is
more likely than CABG. Other noncardiac surgery should
also be postponed until adequate passivation of the coro-
nary vessel and stented segment occurs, allowing the clopi-
dogrel to be stopped. In a series of 207 patients who had
clopidogrel stopped prior to noncardiac surgery within 6
weeks of stent placement, 4% died, suffered an MI, or devel-
oped stent thrombosis (143). In the era of DES, the period
of obligatory clopidogrel therapy should be extended to 3 to
6 months depending on the type of stent, with continuation
of dual antiplatelet therapy in the preoperative, periopera-
tive, and postoperative setting whenever possible. 

Although the original stent thrombosis data were
obtained with ticlopidine, its use has been virtually aban-
doned in the United States owing to its increased risk of
neutropenia. Four randomized clinical trials (144–147)
have directly compared ticlopidine and clopidogrel in
combination with ASA after stenting. A meta-analysis
demonstrated that clopidogrel was associated with a
significant reduction in the incidence of major adverse car-
diac events (OR, 0.50; P � .001) and mortality (OR, 0.43;
P � .001) compared with ticlopidine, and the safety and
tolerability of clopidogrel were superior to that of ticlopi-
dine. This includes less rash and fewer gastrointestinal side
effects, as well as fewer hematologic complications than
seen with ticlopidine (neutropenia with ticlopidine is 1.3
to 2.1% compared with 0.10% with clopidogrel).

The clearance of ticlopidine is reduced by 50% with
concomitant cimetidine use, and there is interindividual
variability in platelet inhibition by clopidogrel; the occur-
rence of clopidogrel resistance has been documented in
�30% of patients by several groups (148). In one study of
patients undergoing PCI for ST elevation myocardial infarc-
tion (STEMI), clopidogrel resistance was associated with a
significant increased risk of atherothrombotic events over
the next 6 months (149).

Guidelines for Thienopyridines

For patients who undergo stent placement, the combination
of aspirin and a thienopyridine derivative is recom-
mended over systemic anticoagulation therapy (Grade 1A).
Clopidogrel is recommended over ticlopidine (Grade 1A),
with a loading dose of 300 mg given at least 6 hours prior to
planned PCI (Grade 1B). If clopidogrel is started �6 hours
prior to PCI, a 600-mg loading dose of clopidogrel is sug-
gested (Grade 2C). After PCI, aspirin and clopidogrel (75
mg/day) is recommended for at least 9 to 12 months (Grade
1). In patients with low atherosclerotic risk, such as those
with isolated coronary lesions, clopidogrel is recommended
for at least 2 weeks after placement of a bare-metal stent
(Grade 1A), for 2 to 3 months after placement of a
sirolimus-eluting stent (Grade 1C�), and 6 months after
placement of a paclitaxel-eluting stent (Grade 1C). 

Unfractionated Heparin

Unfractionated heparin (UFH) is the most commonly
used anticoagulant during PCI. Its effect is monitored by
the activated clotting time (ACT) because the required
level of anticoagulation for PCI is beyond the range that
can be measured using the activated partial thromboplas-
tin time (aPTT) (150,151). At least two studies have
retrospectively related ACT values to clinical outcomes after
PCI (152,153), and a third retrospective analysis suggested
that ischemic complications of PCI were 34% lower with
an ACT in the range of 350 to 375 seconds than they were
with an ACT between 171 and 295 seconds (P � .001)
(154). However, this was at the cost of progressively
increased bleeding from 8.6% at ACTs �350 seconds to
12.4% at ACTs 350 to 375 seconds. When heparin is given
in the absence of adjunctive GP IIb/IIIa inhibition, the rec-
ommended dose is 70 to 100 IU/kg with a target ACT
between 250 and 350 seconds. When heparin is given in
conjunction with a GP IIb/IIIa inhibitor, the recommended
dose is 40 to 60 IU/kg with a target ACT of 200 to 250 sec-
onds. In either case, removal of the femoral sheath should
be delayed until the ACT is between 150 and 180 seconds,
unless a puncture-closure device is used (see Chapter 4).
Intravenous heparin is no longer routinely used after PCI,
because several randomized studies have shown that pro-
longed heparin infusions do not reduce ischemic complica-
tions and are associated with a higher rate of bleeding at the
catheter insertion site (155) (see Chapter 22). 
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Guidelines for UFH

In patients receiving a GP IIb-IIIa inhibitor, a heparin
bolus of 50 to 70 IU/kg to achieve a target ACT �200 sec-
onds is recommended (Grade 2C). In patients not receiv-
ing a GP IIb-IIIa inhibitor, heparin should be administered
in a dose of 60 to 100 IU/kg sufficient to produce an ACT
of 250 to 352 seconds (Grade 1C�). In patients after
uncomplicated PCI, routine postprocedural infusion of
heparin is not recommended (Grade 1A).

Low–Molecular-Weight Heparins

Low–molecular-weight heparins (LMWHs) are fragments
of UFH produced by controlled chemical or enzymatic
depolymerization processes that yield chains with a mean
molecular weight of about 5,000 daltons. Like heparin,
they work by binding to antithrombin-3, causing a con-
formational change that accelerates the interaction of

antithrombin with thrombin and activated factor X (fac-
tor Xa) 1,000-fold (156). The LMWHs differ from UFH in
that their anti-Xa activity predominates over their anti-IIa
activity. The most widely studied LMWHs are enoxaparin
(mean molecular weight of 4,200 daltons with anti-
Xa:anti-IIa ratio of 3.8) and dalteparin (mean molecular
weight of 6,000 daltons and anti-Xa:anti-IIa ratio of 2.7). 

The use of the LMWH as an alternative anticoagulant to
UFH in the PCI setting has been driven largely by earlier
trials showing superiority of enoxaparin compared with
UFH in the medical treatment of patients with acute coro-
nary syndromes. As the result of this front-end use of
LMWH in unstable patients, many patients now come to
the catheterization laboratory on this therapy and present
a dilemma in subsequent anticoagulation (Fig. 3.14).
Several randomized studies (157–159) have been per-
formed comparing the safety and efficacy of UFH with
enoxaparin during PCI. In the Coronary Revascularization
Using Integrilin and Single bolus Enoxaparin (CRUISE)

Figure 3.14 Strategies for the transition from medical therapy to procedural anticoagulation in
patients receiving low–molecular-weight heparin. UA/NSTEMI, unstable angina/non-ST elevation
myocardial infarction; LMWH, low–molecular weight. (From Kereiakes DJ, et al. Low-molecular
weight heparin therapy for non-ST-elevation acute coronary syndromes and during percutaneous
coronary intervention: an expert consensus. Am Heart J 2002;144:621).
Note:
1. For PCI, wait at least 30 to 60 minutes after SC injection, depending on molecular weight of the

agent (30 minutes for enoxaparin, 60 minutes for dalteparin).
2. Insufficient data are available to guide heparinization in patients who have received only 1 dose

of SC LMWH.
3. Fewer data are available on patients treated with SC enoxaparin and no GP lib/Ilia receptors

antagonists undergoing PCI.
4. If the patient has been receiving dalteparin, switch to UFH, as there are no available data on tran-

sitioning from medical to interventional therapy when the last SC dose of dalteparin was given 8
to 12 hours before PCI.

5. Consideration can be given to enoxaparin 0.5 mg/kg in those patients not receiving concomitant
GP llb/llla receptor antagonist therapy.

UA/NSTEMI identified,
LMWH therapy begum

Catheterization begun within 8 hours
of last subcutaneous dose1

Routine early invasive strategy
or

Early conservative strategy with subsequent indication for emergent
catheterization

+/− GP IIb/IIIa − GP IIb/IIIa3+ GP IIb/IIIa

Additional
enoxaparin 0.3

mg/kg IV bolus4

Additional
enoxaparin 0.3

mg/kg IV bolus4.5

Supplement with
UFH, 50 U/kg, aim
for ACT 200-250
seconds (or per

institutional
protocol)

Supplement with
UFH, 60 U/kg, aim
for ACT 250-300
seconds (or per

institutional
protocol)

No additional
UFH or
LMWH

needed2

Catheterization begun between 8 and 12
hours of last subcutaneous dose
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study, researchers randomized patients undergoing elective
or emergent PCI to eptifibatide and enoxaparin or eptifi-
batide plus UFH (79), and demonstrated comparable safety
and efficacy of enoxaparin to UFH during PCI in a random-
ized controlled study. The Integrilin and Enoxaparin
Randomized Assessment of Acute Coronary syndrome
Treatment (INTERACT) study randomized 746 patients with
high-risk ACS to receive eptifibatide plus either enoxaparin
(1 mg/kg twice daily subcutaneously for 48 hours) or
weight-adjusted UFH for 48 hours (80). Cardiac catheteriza-
tion and coronary revascularization were performed at the
discretion of the investigator (63% of patients underwent
angiography, 28.5% underwent PCI). Compared with UFH,
enoxaparin significantly reduced the rate of non-CABG
related major bleeding (3.8% versus 1.1% at 48 hours, P �

.014; and 4.6% versus 1.8% at 96 hours, P � .03). The rate
of the secondary end point, death or MI, was significantly
lower in the enoxaparin group than in the UFH group (5%
versus 9%, P � .03), and recurrent ischemia determined by
continuous electrocardiographic monitoring was signifi-
cantly lower in the enoxaparin group during the initial 48
hours (14.3% versus 25.4%; P � .0002) and from 48 to 96
hours (12.7% versus 25.9%; P � .0001).

In Superior Yield of the New strategy of Enoxaparin,
Revascularization and Glycoprotein IIb/IIIa inhibitors
(SYNERGY) trial, 10,027 high-risk ACS patients were ran-
domized to enoxaparin (1mg/kg twice daily subcuta-
neously) or UFH (60 U/kg bolus followed by 12 U/kg per
hour infusion) with a goal of early invasive therapy (82).
The primary composite clinical end point of all-cause death
or nonfatal MI during the first 30 days occurred in 14.0% of
patients assigned to enoxaparin and 14.5% of patients
assigned to unfractionated heparin (OR, 0.96; 95% CI, 0.86
to 1.06). No differences in ischemic events during PCI were
observed between enoxaparin and unfractionated heparin
groups in terms of abrupt closure, threatened abrupt clo-
sure, unsuccessful PCI, or emergency coronary artery bypass
graft surgery. More bleeding was observed with enoxaparin
using one definition (TIMI major bleeding, 9.1% versus
7.6%, P � .008) but not another (GUSTO severe bleeding
2.7% versus 2.2%, P � .08, with similar transfusion rates of
17.0% versus 16.0%, P � .16). Subgroup analysis suggests
that cross-over therapy and protocol violations contributed
adversely to bleeding complications. 

In summary, enoxaparin appears to be equally effective as
UFH during PCI at preventing a major adverse clinical event
(MACE) with modest excess of major bleeding. Difficulties
associated with monitoring the anticoagulation intensity of
enoxaparin during PCI have led to empiric dosing algo-
rithms and consensus statements guiding its use based on
pharmacokinetic and registry data (160) (Fig. 3.14.). It is
important to note that steady state anticoagulation without
intravenous bolus of enoxaparin (0.3 mg/kg) requires three
subcutaneous doses. A rapid, point-of-care assay designed
for estimating the anticoagulant activity of enoxaparin has
been developed (enoxaparin clotting time, ECT) and evalu-

ated in a clinical trial to define optimal range of anticoagu-
lation with respect to efficacy and safety outcomes (161),
with a target ECT of 260 to 450 seconds prior to PCI and
�180 seconds for sheath removal. But because many inter-
ventional cardiologists favor rapid triage to the cardiac
catheterization laboratory in STEMI (door-to-balloon less
than 90 minutes) and increasingly in UA/NSTEMI as well
(door-to-cath lab �6 hours based on the results of ISAR-
COOL (162)), intravenous UFH and the direct thrombin
inhibitors are likely to remain the anticoagulants of choice
for the catheterization laboratory at the present time.

Guidelines for LMWH

In patients who have received LMWH prior to PCI, the
administration of additional anticoagulation therapy
depends on the timing of the last dose of LMWH (Grade
1C). If the last dose of enoxaparin was administered 
�8 hours prior to PCI, no additional anticoagulant ther-
apy is recommended (Grade 2C). If the last dose of enoxa-
parin was administered between 8 hours and 12 hours
before PCI, a 0.3 mg/kg bolus of intravenous enoxaparin at
the time of PCI is suggested (Grade 2C). If the last enoxa-
parin dose was administered �12 hours before PCI, con-
ventional anticoagulation therapy during PCI is advised
(Grade 2C; Table 3.2, Fig. 3.14).

Direct Thrombin Inhibitors

Direct thrombin inhibitors (DTIs) offer a number of theoret-
ical advantages over UFH including: activity against fibrin-
bound thrombin, less nonspecific protein binding, direct
action without a cofactor, absence of known inhibitors, and
less platelet binding. These benefits ultimately result in more
effective and reliable thrombin inhibition, less platelet acti-
vation, less thrombocytopenia, and a more predictable phar-
macokinetic profile obviating the need to measure ACTs. Of
the current agents (hirudin, bivalirudin, and argatroban),
bivalirudin has been the most extensively studied
(163–165). Although the anticoagulant effect of bivalirudin
dissipates quickly owing to its short half-life of 25 minutes,
there is no rapid reversal agent available in the event of life-
threatening bleeding. Furthermore, in patients with severe
impairment of renal function, the half-life may be increased
significantly. Following PCI with bivalirudin, sheath removal
should be delayed for 2 hours for patients with normal renal
function and up to 8 hours for patients on dialysis.

The Bivalirudin Angioplasty Trial (BAT) randomized
4,098 high-risk patients with ACS undergoing PCI to high-
dose heparin bolus (175 IU/kg bolus followed by a 15
IU/kg per hour infusion for 18 to 24 hours) or bivalirudin
(1.0 mg/kg bolus followed by an infusion of 2.5 mg/kg per
hour for 4 hours, reduced to 0.2 mg/kg per hour for the next
14 to 20 hours). Bleeding complications were reduced with
bivalirudin and ischemic complications were lower in the
subset of patients with post infarction angina, with reanalysis
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using a contemporary combined end point (death, MI, or
repeat revascularization) showing a significant reduction
with bivalirudin (6.2% versus 7.9%, P � .039) (165).

The Randomized Evaluation in PCI Linking Angiomax
to reduced Clinical Events (REPLACE-2) trial assigned 6,010
patients undergoing PCI to intravenous bivalirudin (0.75
mg/kg bolus plus 1.75 mg/kg per hour infusion for the
duration of PCI) with provisional GP IIb/IIIa inhibition, or
heparin (65 U/kg bolus) plus GP IIb/IIIa inhibition (abcix-
imab or eptifibatide) (164). The primary composite end
point (30-day incidence of death, MI, urgent repeat revascu-
larization, or in-hospital major bleeding) occurred among
9.2% of patients in the bivalirudin group and 10.0% of
patients in the heparin plus GP IIb/IIIa group (OR, 0.92;
95% CI 0.77 to 1.08; P � .32). The secondary composite
end point of death, MI, or urgent revascularization occurred
in 7.6% of patients in the bivalirudin group versus 7.1% of
patients in the heparin plus GP IIb/IIIa group (OR, 1.09;
95% CI 0.90 to 1.32; P � .40). Bivalirudin with provisional
GP IIb/IIIa blockade was thus statistically noninferior to
heparin plus planned GP IIb/IIIa blockade and by historical
comparisons was statistically superior to heparin alone in
suppressing acute ischemic end points with less associated
bleeding. Although in-hospital major bleeding rates were
significantly reduced by bivalirudin (2.4% versus 4.1%; 
P �.001), it is important to note that the heparin dosing in
this trial resulted in higher ACTs (317 seconds, interquartile
range 263 to 373 seconds) than reported in prior GP
IIb/IIIa trials, which may have contributed to the excess
bleeding complication in patients assigned to treatment
with UFH and GP IIb/ IIIa inhibitors. But the trial data still
favor the use of bivalirudin in patients at increased bleeding
risk (e.g., elderly, renal insufficiency, bleeding disorders,
and immediate postoperative state). Bivalirudin is likely to
become the anticoagulant of choice in patients undergoing
PCI with a known prior history of HIT, and clinical trials
evaluating the use of bivalirudin in STEMI and UA
NSTEMI/ USA are currently underway.

Guidelines for Bivalirudin

For patients undergoing PCI who are not treated with a GP
IIb-IIIa antagonist, bivalirudin (0.75 mg/kg bolus followed
by an infusion of 1.75 mg/kg per hour for the duration of
PCI) is recommended over heparin during PCI (Grade 1A).
In PCI patients who are at low risk for complications,
bivalirudin is recommended as an alternative to heparin as
an adjunct to GP IIb-IIIa antagonists (Grade 1B). In PCI
patients who are at high risk for bleeding, bivalirudin is
recommended over heparin as an adjunct to GPIIb-IIIa
antagonists (Grade 1B).

Intravenous GP IIb/IIIa Inhibitors

Platelet GP IIb/IIIa receptors mediate the final common
pathway of platelet aggregation by binding fibrinogen

and other adhesive proteins that bridge adjacent platelets,
and have thus served as a primary focus of pharmaco-
logic antiplatelet strategies. Three parental agents—
abciximab (ReoPro), eptifibatide (Integrilin), and tirofiban
(Aggrastat)—are currently approved for clinical use by FDA. 

Abciximab is a humanized Fab fragment engineered
from murine monoclonal antibody 7E3 directed against GP
IIb/IIIa (166). Unlike the small-molecule agents, abciximab
interacts with the GP IIb/IIIa receptor at sites distinct from
the ligand-binding RGD sequence site and is a noncompeti-
tive inhibitor (167). Most of the drug is cleared from plasma
within 26 minutes, but the clearance from the body is much
slower, with a functional half-life up to seven days (168).
Because of the high affinity of abciximab for GP IIb/IIIa
receptors, more abciximab molecules are bound to platelets
than are free in the plasma pool of the drug for the duration
of treatment—platelet-associated abciximab can be detected
for �14 days after the infusion is stopped (169).

The cyclic heptapeptide eptifibatide is based on bar-
bourin, a 73-amino acid peptide isolated from the venom of
the Southeastern pygmy rattlesnake Sistrurus m. barbouri
(170). The recommended bolus (180 mcg/kg followed by a
second 180-mcg/kg bolus 10 minutes later) and infusion
(2 mcg/kg per minute) regimen, provides peak plasma levels
shortly after the bolus dose and slightly lower concentration
throughout the infusion. Plasma concentration decreases
rapidly after the infusion is discontinued with a predomi-
nantly renal elimination half-life of 2.5 hours (171). A lower
infusion dose (1 mcg/kg per minute) of eptifibatide is thus
recommended in patients with creatinine clearance �50
mL/minute. Substantial recovery of platelet aggregation is
apparent within 4 hours of discontinuing the infusion. 

Tirofiban, a peptidometic inhibitor, occupies the bind-
ing pocket on GP IIb/IIIa and thereby competitively
inhibits platelet aggregation mediated by fibrinogen or
von Willebrand factor (172). The stoichiometry of both
eptifibatide and tirofiban is �100 molecules of drug per
GP IIb/IIIa receptor needed to achieve full platelet inhibi-
tion (most circulating unbound in the plasma). This com-
pares with a stoichiometry of 1.5 molecules of abciximab
for each receptor. Like eptifibatide, substantial recovery of
platelet aggregation is apparent within 4 hours of stopping
the infusion (171).

Preclinical and clinical pharmacodynamic studies sug-
gest that the target for clinically effective antiplatelet activ-
ity should be 80% inhibition of platelet aggregation by
light-transmission aggregometry (173). The level of platelet
inhibition varies between the three GP IIb/IIIa inhibitors
following the recommended bolus and infusions (174). In
general, the bolus and infusion regimen of abciximab and
the double bolus and infusion regimen of eptifibatide are
associated with rapid and profound inhibition of platelet
function (174–176), but the FDA-approved bolus and
infusion regimen for tirofiban achieves suboptimal levels
of platelet inhibition for up to 4 to 6 hours that likely
accounted for inferior clinical results in the PCI setting



(176) including in TARGET (Tirofiban And ReoPro Give
similar Efficacy Trial) (177). Increasing the tirofiban bolus
2.5-fold (25 mcg/kg) appears to enhance platelet inhibition
and improve PCI outcomes compared with the FDA-
approved dosing regimen (178). 

The landmark trial with balloon angioplasty that
demonstrated the efficacy of GP IIb/IIIa inhibition is the
Evaluation of IIb/IIIa platelet receptor antagonist 7E3 in
Preventing Ischemic Complications (EPIC) trial (179). In
this study, high-risk patients undergoing balloon angio-
plasty were randomized to abciximab bolus and infusion
versus abciximab bolus alone versus placebo. The group
treated with abciximab bolus and infusion had a 35%
lower rate of death, MI, or unplanned urgent revasculariza-
tion at 30 days compared with the placebo group (8.3%
versus 12.8%, P � .008). Major bleeding complications
occurred in an unacceptably high proportion of patients
treated with abciximab compared with placebo (major
bleeding 14% versus 7%, transfusion 15% versus 7%,
respectively). Procedural modifications, including per-
forming front-wall arterial access only, reducing arterial
sheath size from 8F to 6F, reducing heparin dosing to target
ACT 200 to 250 seconds rather than �300 seconds, remov-
ing sheaths as soon as possible (ACT �180 seconds) rather
than overnight pretension, and abandoning the use of rou-
tine venous sheaths successfully reduced major bleeding
complications to �1 to 1.5% in subsequent trials. 

The benefit of GP IIb/IIIa inhibition patients undergoing
elective stent placement has been shown in two large, ran-
domized controlled trials (180,181) The Evaluation of
Platelet IIb/IIIa Inhibition in Stenting Trial (EPISTENT) trial
(180) randomized 2,399 patients to stent plus placebo, stent
plus abciximab, or balloon angioplasty plus abciximab. The
primary 30-day end point, a combination of death, MI, or
urgent revascularization, occurred in 10.8% of patients in the
stent plus placebo group, 5.3% of those in the stent plus
abciximab group (hazard ratio 0.48; P � .001), and 6.9% in
the group undergoing balloon angioplasty plus abciximab
(hazard ratio 0.63; P � .007). These benefits were main-
tained at 1 year (182), with a reduction in 1-year mortality
in patients treated with stent plus abciximab compared
with stent without the IIb/IIIa inhibitor (2.4% versus 1.0%,
P � .037). No significant differences in bleeding complica-
tions were noted among the various groups.

The Enhanced Suppression of the Platelet IIb/IIIa
Receptor with Integrilin Therapy (ESPRIT) trial random-
ized 2,064 patients undergoing stenting to eptifibatide
(180 mcg/kg bolus followed by a 2.0 mcg/kg per hour
infusion, with a second bolus of 180 mcg/kg given 10 min-
utes after the first bolus) (181,183) or placebo. In this trial,
patients were administered a loading dose of clopidogrel
or ticlopidine on the day of the procedure. The primary
end point—composite of death, MI, urgent revasculariza-
tion, or thrombotic bailout at 48 hours—was reduced by
37% with eptifibatide (10.5% versus 6.6%, P � .0017).
Death or MI at 48 hours was significantly reduced with
eptifibatide compared with placebo (5.5% versus 9.2%,

RRR � 40%, P � .0013), and these benefits were main-
tained at 6 months (113) and 1 year (184). Major bleeding
was rare, but occurred more frequently in patients receiv-
ing eptifibatide compared with placebo (1.3% versus
0.4%, respectively; P � .027). 

In patients with UA/NSTEMI undergoing PCI, three large,
randomized clinical trials have evaluated each of the three
GP IIb/IIIa inhibitors. In the Chimeric c7E3 Fab Antiplatelet
Therapy in Unstable angina Refractory to standard treat-
ment trial (CAPTURE), patients were randomly assigned to
receive abciximab 18 to 24 hours prior to PCI and for 1 hour
after completion of the procedure or placebo (185). MACE
was reduced in the abciximab group compared with placebo
(15.9% versus 11.3%, P � .012, respectively), although there
was a significant increase in major bleeding (1.9% versus
3.8%, P � .043) and the need for transfusion (3.4% versus
7.1%, P � .005). In the Platelet Receptor Inhibition in
ischemic Syndrome Management in Patients Limited by
Unstable Sign and symptoms (PRISM-PLUS) trial, patients
with UA/NSTEMI were randomized to tirofiban alone,
tirofiban plus heparin, or placebo infusion plus heparin
(186). The combination of tirofiban and heparin led to a
32% risk reduction in the rate of death, MI, or recurrent
refractory ischemia at 7 days compared with heparin alone
(12.9% versus 17.9%, respectively, P � .004), including the
subgroup of patients undergoing PCI (RRR of death or MI at
30 days � 0.44). In the Platelet glycoprotein IIb/IIIa in
Unstable angina: Receptor Suppression Using Integrilin
Therapy (PURSUIT) trial, patients with UA/NSTEMI were
randomized to eptifibatide or placebo. The primary end
point of 30-day death or MI was reduced in those patients
receiving eptifibatide versus placebo (14.2% versus 15.7%, 
P � .042, respectively) and was most pronounced among
patients undergoing PCI within 72 hours of presentation
(11.6% versus 16.7%, P � .01, respectively). Moderate or
severe hemorrhage was more common in the eptifibatide
group (12.8% versus 9.9%, P � .001, respectively). 

In patients undergoing primary PCI for STEMI, several
trials support the use of abciximab in reducing MACE at 30
days by 35 to 54%. In the Abciximab before Direct angio-
plasty and stenting in Myocardial Infarction Regarding Acute
and Long-term follow-up (ADMIRAL) trial, 300 patients
with STEMI were randomized to abciximab plus stenting or
stenting alone prior to angiography (187). At 30 days, the
primary end point—composite of death, reinfarction, or
urgent revascularization of the target vessel—occurred in
6.0% of the patients in the abciximab group, as compared
with 14.6% of those in the placebo group (P � .01). This
beneficial effect was sustained at 6 months (7.4% versus
15.9%, P � .02) in ADMIRAL, but not in two other trials
(188,189).

Because there is an inevitable 60- to 90-minute delay in
performing primary PCI (see chapter 22), an optimal phar-
macologic strategy is needed to bridge this period. Several
studies have been performed to assess the safety and efficacy
of combination therapy using half-dose thrombolytic ther-
apy and various GP IIb/IIIa inhibitors pre-PCI to improve
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baseline angiographic patency of the infarct-related artery.
Each of these trials has demonstrated improved early
patency of the infarct-related artery compared with full-dose
thrombolytic therapy alone, at the expense of increased
major bleeding. The Facilitated Intervention with Enhanced
Reperfusion Speed to Stop Events (FINESSE) (190) study
has been designed to test the hypothesis that facilitated PCI
would be more effective than primary PCI and is currently
randomizing approximately 3,000 patients with STEMI
undergoing primary PCI to receive upstream abciximab,
upstream half-dose reteplase plus abciximab, or abciximab
at the time of PCI, with a primary end point of 90-day all-
cause mortality or complications of MI. 

GP IIb/IIIa inhibitors have been shown to reduce major
adverse cardiac events (death, MI, and urgent revascular-
ization) by 35 to 50% in patients undergoing PCI (191)
Table 3.3). Although no single study demonstrated a sig-
nificant reduction in mortality alone with GP IIb/IIIa
inhibitors, meta-analysis suggests that these agents as a
class reduce death by 20 to 30% (Fig. 3.15). The mecha-
nism by which an 18-hour infusion of a GP IIb/IIIa
inhibitor might reduce long-term mortality cannot be
explained solely by its ability to reduce periprocedural
death or myocardial infarction (other than in conventional
balloon angioplasty, where this translates directly to mor-
bid events such as emergency surgery), and is thus unclear
and speculative at this time (see also Chapter 22).

GP IIb/IIIa and Thrombocytopenia

In a meta-analysis of eight clinical trials, abciximab increased
the incidence of mild thrombocytopenia (�50,000,
�100,000) compared with the placebo group (4.2% versus
2.0%, P � .001; OR, 2.13) (192), whereas eptifibatide or
tirofiban did not increase mild thrombocytopenia compared
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OUTCOMES OF PATIENTS RECEIVING GLYCOPROTEIN IIb/IIIa INHIBITORS
TABLE 3.3

Meta-analysis of 20 trials involving 20,137 patients shows �35% reduction in periprocedural MI (using a CK-MB greater than three times
normal definition), with a parallel reduction in the composite outcome including death, myocardial infarction (MI), or revascularization
(note: MI was the most prevalent component and therefore drove the reduction in the composite end point). 

Total Events/Patients (%)

Outcome No. of Studies (n) Active Treatment Control Arm RR (95% cl)

MI (30 days) 20 (20,137) 537/11,676 (4.6) 585/8,461 (6.9) 0.63 (0.56–0.70)
MI (6 months) 13 (15,250) 481/8,485 (5.7) 550/6,765 (8.1) 0.67 (0.60–0.76)
Composite* (30 days) 20 (20,137) 926/11,676 (7.9) 978/8,461 (11.6) 0.65 (0.59–0.72)
Composite* (6 months) 13 (15,250) 1,817/8,485 (21.4) 1,624/6,765 (24.0) 0.85 (0.80–0.90)
Major bleeding 20 (20,137) 531/11,676 (4.6) 273/8,461 (3.2) 1.26 (1.09–1.46)
Hemorrhagic stroke† 18 (19,612) 14/11,373 (0.1) 10/8,239 (0.1) 0.89 (0.46–1.72)

*The composite outcome includes death, myocardial infarction (Ml), or revasculartization. For the last component, we used any target vessel revascu-
larization, except for studies where this was not a trial outcome, in which case, urgent or all revascularizations were counted.
†The ADMIRAL and ERASER trials provided no data on hemorrhagic stroke. There was no statistically significant heterogeneity, and random effects
estimates were vary similar (data not shown), except for the composite outcome at 30 days (p=0.04 for heterogeneity, and random effects RR 0.66
[95% Cl 0.57–0.75]) and major bleeding (P=0.08 for heterogeneity, random effects RR 1.19 [95% Cl 0.96–1.48])
Modified from Karvouni E., et al. Intravenous giycoprotein llb/llla receptor antagonists reduce mortality after percutaneous coronary /interventions.
J Am Coll Cardiol 2003;41:26–32.

Figure 3.15 Meta-analysis of GP IIb/IIIa inhibitors and mortality
reduction. Mortality at 30-day (A) and 6-month (B) follow-up. Risk
ratios and 95% confidence intervals are shown for each study and
for the random effects summary. S, stenting; P, PTCA. (From
Karvouni E, et al. Intravenous glycoprotein IIb/IIIa receptor antag-
onists reduce mortality after percutaneous coronary interventions.
J Amer Coll Cardiol 2003;41:30.).
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with placebo (OR, 0.99). The incidence of severe thrombo-
cytopenia (platelet count 20 to 50,000) was doubled by
abciximab (1.0% versus 0.4%, P � .01; OR, 2.48), but not
changed by eptifibatide or tirofiban compared with heparin
alone (0.3% versus 0.2%, P � .16). Although uncommon,
severe and profound (�20,000) thrombocytopenia
requires immediate cessation of GP IIb/IIIa therapy. An
algorithm for the evaluation and management of these
patients has been proposed (Fig. 3.16 A and B) (193).
Pseudothrombocytopenia secondary to platelet clumping
as well as HIT needs to be ruled out. The platelet count usu-
ally returns to normal within 48 to 72 hours. Severe and
profound thrombocytopenia from GP IIb/IIIa receptor
inhibitors are infrequent, more commonly associated with
abciximab use. Regardless of its cause, thrombocytopenia in
patients undergoing PCI is associated with more ischemic
events, bleeding complications and transfusions (194).

Guidelines for GP IIb/IIIa Inhibitors

American College of Chest Physicians (ACCP) guidelines
recommend the use of a GP IIb-IIIa antagonist (abciximab
or eptifibatide) for all patients undergoing PCI, particularly
those undergoing primary PCI, or those with refractory UA
or other high-risk features (Grade 1A). ACC/AHA guidelines
recommend that a platelet GP IIb/IIIa antagonist should be
administered along with ASA and heparin to patients with
UA/NSTEMI in whom catheterization and PCI are planned
(Class I, Level of evidence: A) (33). Eptifibatide or tirofiban
(but not abciximab) should be administered in addition to
ASA and LMWH or UFH to patients with continuing
ischemia, an elevated troponin, or with other high-risk fea-
tures in whom an invasive management strategy is not
planned (Class IIa, Level of evidence: A) (33). 

In patients with STEMI (Class IIa, Level of evidence: B),
it is reasonable to start treatment with abciximab as early
as possible before primary PCI (with or without stenting).
Treatment with tirofiban or eptifibatide may be considered
before primary PCI (Class IIb, Level of evidence: C) (2).

For patients with UA/NSTEMI who are designated as
moderate-to-high risk based on TIMI score, the upstream
use of a GPIIb-IIIa antagonist (either eptifibatide or
tirofiban) is recommended as soon as possible prior to
PCI (Grade 1A). In UA/NSTEMI patients who receive
upstream treatment with tirofiban, it is recommended
that PCI be deferred for at least 4 hours after initiating the
tirofiban infusion (Grade 2C). With planned PCI in
UA/NSTEMI patients with an elevated troponin level, we
recommend that abciximab be started no earlier than 24
hours prior to the intervention (Grade 1A). For patients
with UA/NSTEMI who are designated as moderate-to-high
risk based on the TIMI risk score, upstream use of a GP
IIb/IIIa antagonist (either eptifibatide or tirofiban) should
be started as soon as possible prior to PCI (Grade 1A). If
upstream treatment with tirofiban is used, PCI should be
deferred for at least 4 hours after initiating the infusion.

Other Pharmacologic Agents

Although a review of vasoactive, sedative, and antiarrhyth-
mic drugs used in the cardiac catheterization laboratory is
beyond the scope of this book, the following table of drug
doses used at the Brigham and Women’s Hospital is pro-
vided as a quick reference. There is some variability in drug
dosing based on package inserts, published data, guidelines,

Figure 3.16 Time course and evaluation of thrombocytopenia
following administration of abciximab. Top. Platelet counts before
and during therapy and after recovery in four patients who devel-
oped acute profound thrombocytopenia after receiving c7E3 Fab
bolus plus infusion. The inset focuses on the platelet counts during
the first 48 hours and notes the first platelet transfusion (Plt Txn)
given. Bottom. Evaluation and management of thrombocytopenia
with c7E3 Fab therapy. ANA, antinuclear antibody; EDTA, ethylene
diamine tetra-acetic acid. (From Berkowitz SD, et al. Acute pro-
found thrombocytopenia after C7E3 Fab (abciximab) therapy
Circulation 1997;95:811.).
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Patient 4

Baseline Platelet Count

c7E3 Fab Bolus + Infusion

2-4 hr Postbolus Platelet Count No Significant Decline

Complete the c7E3 Fab Infusion

Repeat Platelet Count at 12-24 hr
after c7E3 Fab Initiation

Management

1. Discontinue c7E3 Fab
    immediately

2. Platelet transfusion if
    count <20 × 109/L

3. Discontinue other possi-
    ble offending medica-
    tions (e.g., heparin), or
    substitute for (e.g.,
    quinidine, thiozides)

4. Continue aspirin
     ticlopidine if needed

5. Bedrest to avoid falls

6. No intramuscular injec-
    tions

7. Stool softeners

8. Platelet count q12h
    until rising

Evaluation

Other Possible Causes

Pseudothrombocytopenia
(EDTA)

Workup

Repeat platelet count in citrate anti-
coagulant, &/or

Review peripheral blood smear (PBS)

Heparin-associated antibody test
Drug-induced platelet antibodies

Prothrombin time, activated partial
thromboplastin time, fibrinogen, D-
dimer, PBS

Review history (Hx), physical exam
(PE) & baseline platelet count
Direct platelet antibodies
Review Hx and PE

Perform cultures
Review Hx, PE, PBS
Consider bone marrow aspirale and
biopsy

Review Hx, PE
Serologic tests (e.g., ANA)

Medications (heparin, sulfon-
amides, quinine, quinidine,
thiazides, phenytoin)

Disseminated intravascular
coagulation, hemolytic
uremic syndrome, thrombotic
thrombocytopenic purpura

Immune thrombocytopenia

Acute infection

Primary bone marrow
Disorder

Other contributing causes
(e.g., vasculitis, rheumatolog-
ic/immunologic)

Thrombocytopenia:

<100×109/L or >40% decline from baseline count
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COMMONLY USED CATH LAB PHARMACOLOGY AT THE BRIGHAM AND WOMEN’S HOSPITAL
TABLE 3.4

Drug Class Agent Dosing and Comments

Anticoagulants

Antiplatelet Agents

Thienopyridines

IIb/IIIa inhibitors

Heparin, unfractionated
(UFH)

Low–molecular-weight
heparin
(Enoxaparin)

Direct thrombin inhibitor:
bivalirudin
(Angiomax)

Aspirin
160–325-mg tablets

Clopidogrel
75-mg tablets
(Plavix)

Ticlopidine
250-mg tablets
(Ticlid)

Abciximab
(ReoPro)

Eptifibatide
(Integrilin)

Tirofiban 
(Aggrastat)

IV bolus and infusion:
• Initial bolus 70–100 IU/kg for PCI without IIb/IIIa, to ACT 250–300 sec
• Reduce bolus to 50–60 IU/kg for PCI with IIb/IIIa blocker, to ACT

200–250 sec
• If procedure longer than 1 hr, recheck ACT and rebolus (1,500–2,000

units) as needed 
• May be reversed with protamine sulphate (1 mL � 10 mg, reverses

1000 Units of heparin); maximum dose 50 mg

Subcutaneous dose:
• 1 mg/kg BID SC for 2 to 8 days, administered with aspirin
• Reduce to 0.5 mg/kg BID if renal insufficiency
IV dose for PCI
• For full anticoagulation without IIb/IIIa blocker: 1.0 mg/kg 
• With a IIb/IIIa blocker: reduce bolus to 0.5–0.75 mg/kg for full

anticoagulation
• To supplement SC dose given 8–12 hours previously: 0.3 mg/kg

intravenous bolus; also consider 0.3 mg/kg IV bolus if patient not at
steady state anticoagulation with SC dosing (i.e., �3 doses)

• Does not prolong ACT owing to high Xa/IIa ratio
• Partial reversal with protamine: 1 mg protamine/1 mg enoxaparin �8

hours last SC dose; 0.5 mg protamine/1 mg enoxaparin 8–12 hr

• Loading dose: 0.75 mg/kg IV
• Infusion: 1.75 mg/kg per hr for the duration of PCI (note: short 

half-life 25 min)
• Reduce dose to 0.25 mg/kg per hr for dialysis-dependent patients
• Estimate CCr (mL/min) as ((140-age) � weight (kg)) / (72 � serum Cr)

[times 0.85 for female] and reduce infusion to 1 mg/kg per hour for
renal insufficiency

• Can monitor ACT, usually �350 sec after dose; no reversal agent, but
half life ~25 min

• 160 mg to 325 mg tablet taken as soon as possible (chewing is
preferable)

• Higher doses (1,000 mg) interfere with prostacyclin production and
may limit benefits

• 300 mg loading dose, given 6 hr before a known procedure if possible
(600 mg loading dose option)

• 75 mg/day maintenance
• 2–4 weeks for bare-metal stents; 3–6 months for drug-eluting stents;

lifetime for brachytherapy

• 750 mg oral loading dose
• 250 mg BID oral maintenance
• Duration as for clopidogrel above
• Monitor for thrombocytopenia and neutropenia if duration �2 weeks 
• Plavix is preferred unless there is clear allergy to that agent

PCI or acute coronary syndromes with planned PCI within 24 hr:
• 0.25 mg/kg IV bolus (10–60 min before procedure), then 0.125 mcg/kg

per min (maximum of 10 mcg/min) IV infusion, � 18–24 hr
• Check platelets at 4 hr of infusion to monitor for thrombocytopenia

For PCI: 
• 180 mcg/kg IV bolus
• Repeat the same dose in 10 min
• Infuse 2 mcg/kg per min for 18 hr
• Reduce infusion to 1 mcg/kg per min for creatinine clearance �50

mL/min
• Maximum dose (reached at patient weight of 121 kg): 22.6 mg IV bolus

� 2, then maximum infusion of 242 mcg/min
Acute coronary syndromes
• 0.4 mcg/kg per min IV for 30 min, then 0.1 mcg/kg per min IV infusion
• Not recommended for PCI

(continued )



66 Section I: General Principles

(continued)
TABLE 3.4

Drug Class Agent Dosing and Comments

Arrhythmia
Bradycardia

Atrial fibrillation or flutter

Supraventricular
tachycardia

Ventricular

Atropine sulfate

Isoproterenol

Dofetilide

Ibutilide

Adenosine

Lidocaine

Amiodarone

Procainamide

Magnesium sulfate

Sodium bicarbonate

For vasovagal or symptomatic sinus bradycardia
• 0.5 to 1.0 mg IV every 3–5 min as needed
• Do not exceed total dose of 0.04 mg/kg

IV Infusion for bradycardia owing to infranodal block with slow ventricular
escape:
• Mix 2 mg in 250 mL D5W
• Infuse at 2–10 mcg/min, titrated to adequate heart rate
• In torsades de pointes, titrate to increase heart rate until VT rhythm is

suppressed

IV infusion dose for atrial fibrillation or flutter
• Single infusion of 8 mcg/kg over 30 min
• Not approved for use in U.S.

IV dose for atrial fibrillation or flutter (for adults �60 kg)
• 1 mg (10 mL) administered IV (diluted or undiluted) over 10 min. A

second dose may be administered at the same rate 10 min after
completion of first dose

• For atrial fibrillation or flutter

IV rapid push to convert SVT (see vasodilator below for use in no-reflow
or FFR measurement)
• Initial bolus of 6 mg given rapidly over 1–3 sec followed by normal

saline bolus of 20 mL; then elevate the extremity
• Repeat dosage of 12 mg in 1–2 min if needed
• A third dose of 12 mg may be given in 1–2 min if needed

For stable VT, wide-complex tachycardia or uncertain type, significant ectopy:
• 1.0 to 1.5 mg/kg IV push
• Repeat 0.5–0.75 mg/kg every 5–10 minutes; maximum total dose: 3 mg/kg
• Maintenance infusion 1–4 mg/min (30–50 mcg/kg per min)

For VF
• IV push 300 mg
• Repeat 150 mg over 2–5 minutes, if necessary
For VEA or stable VT
• Rapid infusion: 150 mg in 50 mL over 10 min, repeat every 10 min as

needed
• Slow infusion: 360 mg IV over 6 hr (1 mg/min)
• Maintenance infusion: 540 mg IV over 18 hr (0.5 mg/min)

Recurrent VF/VT:
• 20 mg/min IV infusion (maximum total dose: 17 mg/kg)
• In urgent situations, up to 50 mg/min may be administered to total

dose of 17 mg/kg
• Suspend loading infusion if one of the following occurs:

–Arrhythmia suppression
–Hypotension
–QRS widens by �50%.

• Maintenance infusion 1–4 mg/min

Cardiac arrest (for hypomagnesemia or torsades de pointes):
• 1–2 g (2–4 mL of a 50% solution) diluted in 10 mL of D5W IV push
Torsades de pointes (not in cardiac arrest):
• Loading dose of 1–2 g mixed in 50–100 mL of D5W over 5–60 min IV
• Follow with 0.5 to 1.0 g/h IV (titrate dose to control the torsades) for

up to 24 hr
For prolonged cardiac arrest—IV bolus
• 1 mEq/kg IV bolus
• Repeat half this dose every 10 min thereafter
• If rapidly available, use arterial blood gas analysis to guide bicarbonate

therapy (calculated base deficits or bicarbonate concentration)
• An acute change in PaCO2 of 1mm Hg is associated with an increase or

decrease in pH of 0.008 U (relative to normal pH of 7.4)

(continued)
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Beta-blockers

Calcium channel blockers

Conscious sedation

Reversal agents

Esmolol

Atenolol

Metoprolol 

Propranolol 

Labetalol

Diltiazem

Verapamil

Fentanyl

Versed

Morphine sulfate

Flumazenil
(Romazicon,
“Re-versed”)

Naloxone hydrochloride
(Narcan)

• 0.5 mg/kg over 1 min, followed by continuous infusion at 0.05 mg/kg
per min (maximum: 0.3 mg/kg)

• Titrate to effect—note esmolol has a very short half-life (2–9 min)

• Initial IV dose: 5 mg slow IV (over 5 min)
• Wait 10 min, then give second dose of 5 mg slow IV (over 5 min)
• In 10 min, if tolerated well, may start PO; then give 50 mg PO BID

• Initial IV dose: 5 mg slow IV, repeat at 5-min intervals to a total of 
15 mg

• Oral regimen to follow IV dose: 50 mg BID for 24 hr, then increase to
100 mg BID

• Total dose: 0.1 mg/kg by slow IV push, divided in 3 equal doses at
2–3-minute intervals

• Do not exceed 1 mg/min, watching for excessive bradycardia or
hypotension

• Nonselective beta-1 and beta-2 agent (use with care in asthmatic
patients)

For severe hypertension:
• 10 mg labetalol IV push over 1 to 2 min
• May repeat or double labetalol every 10 min to a maximum dose of

150 mg, or give initial bolus dose and start labetalol infusion at 2 to 8
mg/min

Acute rate control (see vasodilator section for use in no-reflow):
• 15 to 20 mg (0.25 mg/kg) IV over 2 min
• May repeat in 15 min at 20–25 mg (0.35 mg/kg) over 2 min
• Maintenance infusion 5 to 15 mg/h, titrated to heart rate

Acute rate control (see vasodilator section for use in no-reflow)
• 2.5–5.0 mg IV bolus over 2 min
• Second dose: 5 mg bolus every 15 min to total dose of 30 mg

• 25–50 mcg intravenously
• Repeat as needed every 5 min 
• Monitor vital signs, oximety, and state of consciousness as per

conscious sedation guidelines

• 0.5–1 mg IV
• Repeat as needed every 5 min
• Monitor vital signs, oximetry, and state of consciousness per conscious

sedation guidelines 

• 2–4 mg IV (over 1 to 5 min) every 5–30 min
• Monitor vital signs, oximetry, and state of consciousness as per

conscious sedation guidelines

For oversedation with benzodiazepines 
• Dosage: 0.2 to a maximum dose of 1 mg
• Administer in 0.2-mg increments over 15 sec; may repeat in 1-min

intervals to 1 mg
• Maximum dose: 1 mg/dose and 3 mg/hr
• Monitor closely for re-sedation for at least 2 hr

For oversedation with narcotics 
• Dilute 0.4 mg (1 mL) with 9 mL NS (0.04 mg/mL)
• Administer 0.04 mg or 1 mL every 2-3 min PRN to increase respiratory

rate and alertness
• Onset 1 min, duration 30–40 min
• Monitor closely for re-sedation for at least 2 hr

(continued)
TABLE 3.4

Drug Class Agent Dosing and Comments
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“Unconscious” sedation*

*Use only with
anesthesiologist

Neuromuscular blocker*

*Use only with
anesthesiologist

Contrast nephropathy

Contrast allergy or toxicity

Propafol (Diprivan)

Cisatracurium besylate
(Nimbex)

Vecuronium bromide
(Norcuron)

Hydration

N-acetylcysteine

Prednisone 

Benadryl

H2-blocker
Ranitidine (Zantac)

Epinephrine

Ondansetron HCl
(Zofran)

Induction of general anesthesia:
• Healthy adults �55 years of age: 40 mg every 10 sec until induction

onset (2–2.5 mg/kg)
• Elderly, debilitated, ASAIII/IV patients: 20 mg every 10 sec until

induction onset (1–1.5 mg/kg)
Maintenance of general anesthesia:
• Healthy adults �55 years of age: 100–200 mcg/kg per min (3–6 mg/kg

per hr)
• Elderly, debilitated, ASAIII/IV patients: 50–100 mcg/kg per min (3–6

mg/kg per hr)

• Dosage must be individualized 
• Skeletal muscle relaxation: initial, 0.15–0.20 mg/kg IV bolus as

component of a propofol/nitrous oxide/oxygen induction-intubation
technique

• Skeletal muscle relaxation: maintenance, 0.03 mg/kg IV 
• Skeletal muscle relaxation: maintenance, initial continuous IV infusion

rate of 3 mcg/kg per min may be required to rapidly counteract
spontaneous recovery from initial bolus dose; thereafter, 1–2 mcg/kg
per min continuous IV infusion; in ICU, infusion range of 0.5–10.2
mcg/kg per min 

• Dosage must be individualized 
• Skeletal muscle relaxation: initial, 0.08–0.1 mg/kg IV bolus 
• Skeletal muscle relaxation: maintenance, 0.01–0.015 mg/kg IV 25–40

min after initial dose, repeat every 12–15 min as needed 
• Skeletal muscle relaxation: 1 mcg/kg per min continuous IV infusion

20–40 min after initial intubation dose, after early evidence of
spontaneous recovery; then adjust to maintain 90% suppression of
twitch response; range 0.8–1.2 mcg/kg per min 

For prevention of contrast-induced nephropathy
• Normal saline 1 ml/kg per hr for 12 hr pre and 12 hr post contrast

exposure
• Alternative normal saline 3 ml/kg over 1 hr preprocedure, then 

1 ml/kg per hr for 6 hr post-procedure
• Alternative sodium bicarbonate (154 mEq/L) in D5W
• Limit infusion and monitor closely in CHF patients
• Do not add Lasix, mannitol, dopamine, fenoldopam (systemic)
• Consider use of iodixanol (Visipaque), iso-osmolar contrast; limit

contrast volume

• 600 mg orally BID, start 6 hr prior to contrast exposure 
• Continue for 24 hr post contrast exposure

• Pretreat 60 mg PO daily for 24–48 hr
• May use Solu-Medrol 100 mg IV just before the procedure

• H1 blocker
• 25–50 mg PO before the procedure
• May also be given as 25 mg IV for intraprocedural allergic

reactions

• Needed to prevent histamine-induced vasodilation
• 150 mg PO prior to procedure
• Alternative, 50 mg IV, given over 5 min

For anaphylaxis, bronchospasm, cardiovascular collapse
• 0.1 mg (1 mL of 1:10,000) epinephrine given in small divided doses

until response

• Monitor closely for tachycardia or hypertensive overshoot
• May repeat or use IV infusion as noted below

For prevention or treatment of periprocedural nausea and vomiting
• 2–4 mg undiluted IV over 4 min

(continued)
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Diuretic 

Inotrope 

Furosemide
(Lasix)

Bumetanide
(Bumex)

Dobutamine
(Dobutrex)

Dopamine

Amrinone
(now inamrinone)

Milrinone
(Primacor)

Epinephrine

Glucagon

Calcium chloride

Digoxin

IV infusion:
• 0.5–1.0 mg/kg given over 1 to 2 min
• If no response, double dose to 2.0 mg/kg, slowly over 1 to 2 min

IV infusion
• Bolus 0.5–1 mg is equivalent to 40 mg of furosemide

IV infusion:
• Dilute 500 mg (20 mL) in 250 mL D5W
• Usual infusion rate is 2–20 mcg/kg per min
• Titrate so heart rate does not increase by �10% of baseline

IV infusion
• Mix 400–800 mg in 250 mL normal saline, lactate Ringer solution, or D5W
• Continuous infusions (titrate to patient response)
• Low dose: 1–5 mcg/kg per min—gamma (dopaminergic) stimulation
• Moderate dose: 5–10 mcg/kg per min (“cardiac doses”—beta stimulation)
• High dose: 10–15 mcg/kg per min (“vasopressor doses”—alpha stimulation)

IV loading dose and infusion for severe pump failure:
• Loading dose 0.75 mg/kg, given over 10 to 15 min
• Follow with infusion of 5–15 mcg/kg per min to clinical effect
• Optimal use requires hemodynamic monitoring
• Note: Amrinone and Milrinone inhibit PDE and do not depend on

beta-adrenergic receptors

IV loading dose and infusion for severe pump failure:
• Supplied as 200 mcg/mL
• Loading dose 50 mcg/kg over 10 min
• Follow with infusion 0.5–0.75 mcg/kg per min
• Reduce infusion for renal insufficiency (e.g., 0.33 mcg/kg per min for

CCr 30 mL/min)

Cardiac arrest:
• Note: Available in 1:1,000 (1 mg/mL) and 1:10,000 (0.1 mg/mL)

concentrations!
• IV dose: 1 mg (10 mL of 1:10,000 solution) every 3–5 min during

resuscitation
• Higher doses (up to 0.2 mg/kg) may be used if 1-mg dose fails
• Continuous infusion: 30 mg epinephrine (30 mL of 1:1,000 solution) to

250 mL normal saline, run at 100 mL/hr and titrate to response
Profound bradycardia or hypotension:
• 2 mg in 500 mL NS
• 2–10 mcg/min infusion (add 1mg of 1:1,000 to 500 mL normal saline;

infuse 1–5 mL/min)

To treat excessive bradycardia from beta-blockers 
• 1–5 mg over 2–5 min

IV slow push in cardiac arrest:
• 100 mg/mL in 10 mL vial (total equals 1g; a 10% solution)
• 8–16 mg/kg (usually 5–10 mL) IV for hyperkalemia and calcium channel

blocker overdose
• May be repeated as needed
• 2–4 mg/kg (usually mL) IV for prophylaxis before IV calcium channel

blockers

IV infusion (for rate control in atrial fibrillation/flutter (note beta- or
calcium channel blocker preferred):

• 0.25 mg/mL or 0.1 mg/mL supplied in 1 or 2 mL ampule (totals equal
0.1–0.5 mg)

• Loading doses of 10–15 mcg/kg lean body weight—therapeutic effect
with minimum toxicity 

• Maintenance dose is affected by body size and renal function

(continued)
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Pressor agents

Vasodilator

Systemic arterial

Coronary 

Phenylephrine
(Neo-Synephrine)

Metaraminol
(Aramine)

Norepinephrine
(Levophed)

Vasopressin

Nitroglycerin 

Nitroprusside (Sodium
nitroprusside)

ACE inhibitors:
Enalapril (IV: Enalaprilat)

Nitroglycerin 

Adenosine

For severe refractory hypotension
Bolus

• 0.04–0.1 mg IV, can be repeated in 10 min if needed
Infusion

• Mix 20 mg in 500 mL of D5W or NS (40 mcg/mL)
• Infuse 100–180 mcg/min until blood pressure stabilizes
• Reduce to 40–60 mcg/min adjusted to maintain desired blood pressure

For severe refractory hypotension
• Loading dose: 0.5–1 mg, IV push
• Infusion: 15 mg (1.5 mL) in 500 mL normal saline; adjust to maintain

desired blood pressure
• Indirect-acting sympathomimetic amine—mixed alpha and beta, action

delayed by 5 min

For severe refractory hypotension
• 4 mg in 250 mL of D5W to yield 4 mcg/mL
• Initial dose 0.5–1 mcg/min (usual range 0.5–30 mcg/min)

Doses for cardiac arrest (option to epinephrine)
• 40 U IV push � 1
• Wait 10 minutes before initiating epinephrine protocol
For refractory hypotension
• 20 U in 250 mL D5W 
• Infuse at 0.01–0.10 U/min

IV infusion:
• IV bolus: 12.5–25 mcg
• Infuse at 10–20 mcg/min
• Titrate to effect
Intracoronary (for vasospasm—do not use for no-reflow!)
• Dilute to 100–200 mcg/mL
• Administer 100 mcg through guiding catheter or selectively into distal

coronary 
• Repeat as needed

IV infusion:
• Mix 50 mg in 250 mL D5W 
• Begin at 0.10 mcg/min titrated to improve blood pressure (up to 10

mcg/min)
• Do not administer in same IV line as alkaline solutions

• IV: 1.25 mg IV initial dose over 5 min
• Repeat dose: 1.25–5.0 mg IV every 6 hr
• IV ACE inhibitors not approved in STEMI 

For epicardial vasodilation or treatment of coronary spasm
• Dilute to 200 mcg/mL
• Administer 100–200 mcg intracoronary
• Note: Nitroglycerine is primarily an epicardial vasodilator, and should

not be used in situations like no-reflow where small vessel (arteriolar)
dilation is required—see below

For measurement of fractional flow reserve (FFR)
• Dilute to 10 mcg/mL

• For RCA 18–24 mcg through guiding catheter or selectively into distal
coronary

• For LCA 24–36 mcg through guiding catheter or selectively into distal
coronary

• Alternatively, 140–180 mcg/kg per min peripheral intravenous infusion
for 3 min

For reversal of no-reflow
• 100 mcg selective into distal involved vessel

(continued)
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Pulmonary arteriolar

Nitroprusside (Sodium
nitroprusside)

Nicardipine

Diltiazem

Verapamil

Epoprostenol
(Flolan)

For reversal of no-reflow 
• Dilute to 100 mcg/mL (in non-heparinized saline)
• Administer 100 mcg through guiding catheter or selectively into distal

coronary 
• Repeat as needed

For reversal of no-reflow
• Dilute to 100–200 mcg/mL
• Administer 200 mcg selectively into involved coronary

For reversal of no-reflow
• Dilute to 0.25–1 mg/mL
• Administer 1 mg through guiding catheter or selectively into distal

coronary 
• Repeat as needed up to total of 2.5 mg

For reversal of no-reflow
• Dilute to 100 mcg/mL
• Administer 100–200 mcg through guiding catheter or selectively into

distal coronary 
• Repeat as needed
• Monitor for bradycardia in the right and circumflex coronary 

IV infusion for pulmonary hypertension
• Start at 2 ng/kg/min
• Increase by 2 ng/kg per min every 15 minutes until reduction in

pulmonary resistance of dose-limiting toxicity (nausea, headache,
hypotension)

(continued)
TABLE 3.4

Drug Class Agent Dosing and Comments

and local tradition, so the doses and contraindications for
all drugs should be confirmed from a primary source before
administration (Table 3.4).
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4Percutaneous Approach,

Including Trans-septal 

and Apical Puncture
Donald S. Baim Daniel I. Simon

In contrast with the brachial cutdown technique (see
Chapter 5), the percutaneous approach to left and right
heart catheterization uses needle puncture to achieve
vascular access (1) and thus obviates the need for surgical
isolation of the vessel during either the insertion or the
subsequent withdrawal of the cardiac catheter. Once the
needle has been positioned within the vessel lumen, a flex-
ible guidewire is advanced through the needle and well
into the vessel being accessed (2). This guidewire remains
in an intravascular position as the needle is withdrawn to
allow direct insertion of a dilator and an end-hole catheter,
or more commonly the introduction of an appropriately
sized sheath that is equipped with a back-bleed valve and a
side-arm port. The desired catheters can then be placed
through the sheath and into the vasculature (3,4). This
modification reduces patient discomfort and eliminates
repetitive local arterial trauma during catheter exchanges,
although it does increase the size of the puncture slightly
since the outer diameter of the sheath is 1F size (0.33
mm), larger than the corresponding bare catheter. At the
termination of the percutaneous catheterization proce-
dure, the catheters and introducing sheaths are withdrawn,
and bleeding from the puncture sites is controlled by the
application of direct pressure or the use of one of several
vascular closure devices (see below).

Because of its speed and simplicity, percutaneous entry
via the femoral approach has become the dominant
approach to cardiac catheterization. More than 85% of the
procedures contained in the 1990 registry of the Society for
Cardiac Angiography and Intervention (SCA&I) were

performed via this route (5). With appropriate skill and
knowledge of regional anatomy, moreover, the same percu-
taneous techniques used for femoral artery and vein can-
nulation can be adapted to allow catheter insertion from a
variety of other entry sites. Venous catheterization can thus
be performed via the internal jugular, subclavian, or
median antecubital vein, whereas arterial catheterization
can be performed via the brachial, axillary, or radial arter-
ies, or even the lumbar aorta.

CATHETERIZATION VIA THE FEMORAL
ARTERY AND VEIN

Patient Preparation

After palpation of the femoral arterial pulse within the
inguinal skin crease, a safety razor is used to shave an area
approximately 10 cm in diameter surrounding this point.
Although most catheterizations can be performed quickly
and easily from a single groin, we have found it expedient
to prepare both groins routinely. The right groin is gener-
ally used, since it is more easily accessed by the operator
standing on that side of the table. If difficulties in catheter
advancement force a switch to the other groin once the
procedure has begun, however, having the left groin
already prepared saves time and inconvenience. The shaved
areas are scrubbed with a povidone-iodine/detergent
mixture and then painted with povidone-iodine solution.
The latter is blotted dry using a sterile towel, and the
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patient is draped from clavicles to below the feet, leaving
only the sterile prepared groin areas exposed. Most labora-
tories now use disposable paper drapes with adhesive-
bordered apertures for this purpose, frequently packaged
together with other disposable supplies (syringes, needles,
bowls, and so on) in a custom kit available from any of
several vendors.

Selection of Puncture Site

The adjacent femoral artery and vein (Fig. 4.1A and B) are
the most commonly used vessels for percutaneous diag-
nostic cardiac catheterization (5). It is important to punc-
ture these vessels at the correct level (1 or 2 cm below the
inguinal ligament) to facilitate vessel entry and effective
compression to minimize local vascular complications.
Although some operators rely on the location of the
inguinal skin crease to position the skin nicks through
which puncture will be attempted (see below), we prefer
locating the skin nicks in reference to the inguinal ligament
(which runs from the anterior superior iliac spine to the
pubic tubercle)—the position of the skin crease itself can
be misleading in obese patients. More recently, we have
begun to confirm the appropriate localization of the skin
nick by fluoroscopy, which should show the nick to overlie
the inferior border of the femoral head (6; Fig. 4.1C and D).
Making the skin nicks at this level increases the chance
that needle puncture will take place in the common
femoral segment (overlying the middle of the femoral
head) rather than either too high (above the inguinal liga-
ment) or too low (in the superficial femoral or profunda
branches of the common femoral artery). The femoral
artery should be easily palpable over a several-centimeter
span above and below the skin nick site. The femoral vein
will lie approximately one fingerbreadth medial to the
artery along a parallel course.

Most difficulties in entering the femoral artery and
vein—and most vascular complications—arise as the result
of inadequate identification of these landmarks prior to
attempted vessel puncture. Puncture of the artery at or
above the inguinal ligament makes catheter advancement
difficult and predisposes to inadequate compression,
hematoma formation, and/or retroperitoneal bleeding fol-
lowing catheter removal (see Chapter 3). Puncture of the
artery �3 cm below the inguinal ligament increases the
chance that the femoral artery will have divided into its
profunda and superficial femoral branches. Puncture in
the crotch between these two branches fails to enter the
arterial lumen, whereas puncture of either one of the
branches increases the risk of false aneurysm formation or
thrombotic occlusion owing to smaller vessel caliber.
Because the superficial femoral artery frequently overlies
the femoral vein, low venous punctures may pass inadver-
tently through the superficial femoral artery, leading to
excessive bleeding and possible arteriovenous fistula for-
mation (6; see Chapter 3).

Local Anesthesia

Adequate local anesthesia is essential for a successful
catheterization. Inadequate anesthesia leads to poor
patient cooperation and makes the time in the catheteriza-
tion laboratory unpleasant for both patient and operator.
Once the inguinal ligament and femoral artery have been
identified, the femoral artery is palpated along its course
using the three middle fingers of the left hand, with the
uppermost finger positioned just below the inguinal liga-
ment. Without moving the left hand, a linear intradermal
wheal of 1 or 2% lidocaine is raised slowly by tangential
insertion of a 25- or 27-gauge needle along a course overly-
ing both the femoral artery and vein at the desired level of
entry.

With the left hand remaining in place, transverse skin
punctures are made over the femoral artery and vein, using
the tip of a no. 11 scalpel blade. The smaller needle is then
replaced by a 22-gauge 11⁄2-in needle, which is used to infil-
trate the deeper tissues along the intended trajectory for
arterial and venous entry. As this needle is advanced, small
additional volumes of lidocaine are infiltrated by slow
injection. Each incremental infiltration should be preceded
by aspiration so that intravascular boluses can be avoided.
To avoid unnecessary injury to the femoral artery, we some-
times intentionally infiltrate medially and laterally to the
pulse and infiltrate deeply only through the venous nick. If
the anesthetic track passes through the artery, infiltration
should be suspended until the tip of the needle has passed
out of the back wall of the vessel and then continued to the
full length of the needle or to the point where the needle tip
contacts the periosteum. Approximately 10 to 15 mL 1%
Xylocaine administered in this fashion usually provides
adequate local anesthesia. The patient should be warned
that he or she may experience some burning as the anes-
thetic is injected, but that the medication will prevent any
subsequent sharp sensations.

Once local anesthesia has been achieved, the small skin
nicks can be enlarged and deepened, using the tips of a
curved mosquito forceps. This procedure decreases the
resistance that is encountered during subsequent advance-
ment of the needle and subsequent vascular sheath and
increases the likelihood that any vascular bleeding will
become manifest as oozing through the puncture rather
than hidden in the formation of a deep hematoma.

Femoral Vein Puncture

If right heart catheterization is to be performed, or secure
venous access is desired (for administration of fluids and
medications or rapid placement of a temporary pacing
catheter), the femoral venous puncture is usually per-
formed prior to arterial puncture. With the left hand pal-
pating the femoral artery along its course below the
inguinal ligament, the needle is introduced through the
more medial skin nick. 
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Classically, the 18-gauge thin-walled Seldinger needle
was used; this needle consists of a blunt, tapered external
cannula through which a sharp solid obturator projects
(Fig. 4.2). The needle should be grasped so that the index
and middle fingers lie below the lateral flanges of the nee-
dle and the thumb rests on the top of the solid obturator
as the needle is advanced along the sagittal plane angled
approximately 45	 cephalad. Although this needle can

occasionally be advanced up to its hub, the tip of the nee-
dle will usually stop more superficially as it encounters
the periosteum of the underlying pelvic bones. The perios-
teum is well innervated and may be quite tender if the
initial lidocaine infiltration failed to reach this level.
Accordingly, forceful contact with the periosteum is nei-
ther necessary nor desirable. If the patient experiences
significant discomfort, some operators will remove the

Figure 4.1 Regional anatomy relevant to percutaneous femoral arterial and venous catheteriza-
tion: A. Schematic diagram showing the right femoral artery and vein coursing underneath the
inguinal ligament, which runs from the anterior superior iliac spine to the pubic tubercle. The arterial
skin nick (indicated by X) should be placed approximately 3 cm below the ligament and directly over
the femoral arterial pulsation, and the venous skin nick should be placed at the same level but
approximately one fingerbreadth more medial. Although this level corresponds roughly to the skin
crease in most patients, anatomic localization relative to the inguinal ligament provides a more con-
stant landmark (see text for details). B. Corresponding radiographic anatomy as seen during abdom-
inal aortography. C. Fluoroscopic localization of skin nick (marked by clamp tip) to the inferior bor-
der of the femoral head (ibfh). D. Catheter (open arrow) inserted via this skin nick has entered the
common femoral artery (cf), safely above its bifurcation into the superficial femoral (sfa) and pro-
funda branches. (For further details, see Kim D, Orron DE, Skillman JJ, et al. Role of superficial
femoral artery puncture in the development of pseudoaneurysm and arteriovenous fistula compli-
cating percutaneous transfemoral cardiac catheterization. Cathet Cardiovasc Diagn 1992;25:91.)
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obturator from the Seldinger needle and infiltrate addi-
tional lidocaine into the deep tissues through the outer
cannula. At this point, the Seldinger needle should have
transfixed the femoral vein. The obturator is removed, and

a 10-mL syringe is attached to the hub of the cannula. The
syringe and cannula are then depressed so that the syringe
lies closer to the anterior surface of the thigh (Fig. 4.3) and
the needle is more parallel (rather than perpendicular) to

Figure 4.2 Percutaneous needles and guide wire. Top. A Seldinger needle (left) with its sharp
solid obturator in place, a Potts-Cournand needle (center), which differs in that its obturator is
hollow and therefore allows the operator to see blood flashback as the artery is punctured, and an
18-gauge thin-wall needle (right) used for internal jugular vein puncture and now frequently also for
arterial entry. These percutaneous needles are surrounded by an 0.038-inch, 145-cm J guidewire.
Bottom. A Doppler-guided SmartNeedle.
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the vein. Gentle suction is applied to the syringe, and the
whole assembly is slowly withdrawn toward the skin sur-
face. In doing so, it is helpful to control the needle with
both the left hand (which also rests on the patient’s leg
for support) and the right hand (which also controls the
aspirating syringe). As the tip of the cannula is withdrawn
into the lumen, venous blood will flow freely into the
syringe.

We and most laboratories, however, have now switched
from the Seldinger needle in favor of an 18-gauge single-
wall puncture needle that has a sharpened tip and lacks the
inner obturator. Placement of a fluid-filled syringe on the
needle’s hub allows direct front-wall entry of the vein with-
out the need to first exit the back wall and then pull back.
Otherwise, the technique used is identical after entry of the
venous lumen has been achieved.

With the left hand stabilizing the needle, the right hand
is used to remove the syringe and to advance a 0.035- or
0.038-inch J guidewire into the hub of the needle. The wire
tip may be straightened by hyperextension of the wire shaft
in the right hand or by leaving the tip of the wire within
the plastic introducer supplied by the manufacturer. The
wire should slide through the needle and 30 cm into the
vessel with no perceptible resistance. Fluoroscopy should
then show the tip of the guidewire just to the left (patient’s
right) of the spine. 

If difficulty is encountered in advancing the guidewire,
it should never be overcome by the application of force.
Fluoroscopy may simply reveal that the tip of the wire has
lodged in a small lumbar branch; it can be drawn back
slightly and redirected or gently prolapsed up the iliac
vein. When resistance to advancement is encountered at or
just beyond the tip of the needle, however, even greater
care is required. This resistance may simply be caused by
apposition of the tip of the needle to the back wall of the
vein, which can be corrected by further depression of the
needle hub, with or without slight withdrawal of the nee-
dle shaft. If this maneuver fails to allow free advancement
of the wire, however, the wire should be removed, and the
syringe should be reattached to the needle hub to ensure
that free flow of venous blood is still present before addi-
tional wire manipulation is attempted—the wire should
not be reintroduced unless free flow is obtained. If it is
necessary to withdraw the wire, this should always be done
gently, since it is theoretically possible for the wire to snag
on the tip of the needle. Were this to occur, the needle and
wire should be removed as a unit. If the wire still cannot be
advanced after these maneuvers, the needle should be
withdrawn and the puncture site should be compressed
for 1 to 3 minutes. The anatomic landmarks should be
reconfirmed and puncture reattempted. In some cases,
puncturing the vein during a Valsalva maneuver may help
by distending the femoral vein and making clean puncture
more likely.

After the wire has freely entered the vein, the needle is
removed, leaving the wire well within the vein and secured
at the skin entry site by the left hand. The protruding wire
is wiped with a moistened gauze pad, and its free end is
threaded into the lumen of a sheath and dilator combina-
tion adequate to accept the intended right-sided heart
catheter. All current sheaths are equipped with a back-
bleed valve and side-arm connector (Fig. 4.4) to control
bleeding around the catheter shaft and to provide a means
of administering drugs or extra intravenous fluids during
the right-sided heart catheterization. The operator must
make sure that he or she has control of the proximal end of
the guidewire and that it is held in a fixed position as the
sheath and dilator are introduced through the skin.
Insertion is eased if the sheath and dilator are rotated as a
unit while they are advanced progressively through the soft
tissues. If excessive resistance is encountered, it may be
necessary to remove the dilator from the sheath and to

Figure 4.3 Seldinger technique for venous puncture. A skin nick
has been created overlying the desired vein, which is punctured
through and through by a Seldinger needle with its solid obturator
in place. In the center illustration, the obturator is removed and the
needle cannula is attached to a syringe. Depression of the syringe
toward the surface of the skin tents the vessel slightly and facili-
tates axial alignment of the cannula at the moment that slow with-
drawal brings the tip of the cannula back into the vessel lumen. This
is recognized by the sudden ability to withdraw venous blood freely
into the syringe, which is then removed from the needle cannula to
permit advancement of the J guidewire (shown here with a plastic
straightener in place). Once the guidewire has been advanced
safely into the vessel, the needle cannula can be removed.
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introduce the dilator alone before attempting to introduce
the combination. If inspection shows that initial attempts
have created significant burring at the end of the sheath, a
new sheath should be obtained.

Once the sheath is in place, the wire and dilator are
removed, and the sheath is flushed by withdrawal of blood
and injection of heparinized saline solution. In our labora-
tory we usually infuse the sidearm of the venous sheath
from a 1-liter bag of normal saline solution, connected via
a sterile length of intravenous extension tubing, to main-
tain sheath patency and provide a carrier for drug adminis-
tration by the nurse. Although drug administration can
also take place via a peripheral intravenous line, the side
arm of the sheath avoids any concerns about how quickly
volume can be administered or whether infiltration of the
peripheral line might jeopardize drug delivery in an emer-
gency. Even if right heart catheterization is not planned,
the femoral sheath makes it easy to place a right heart
catheter or a temporary transvenous pacemaker lead if
hemodynamic instability or bradyarrhythmia ensue.

Catheterizing the Right Heart from 
the Femoral Vein

A right (as well as a left) heart catheterization is needed to
obtain a full profile of the hemodynamic state. Only the
right heart catheterization can provide data regarding
mean left heart filling pressure (the pulmonary capillary
wedge, rather than just the post–A wave left ventricular end
diastolic pressure), detect pulmonary arterial hyperten-
sion, measure the cardiac output, and detect left-to-right
intracardiac shunts. Leaving the right heart catheter in the
pulmonary artery during a complex interventional proce-
dure also gives an ongoing measure of changes in the
hemodynamic state as fluid and contrast loading take
place, various medications (nitrates, diuretics, and so on)
are given, and as episodes of ischemia develop and are
treated.

For these reasons, it was once common to perform a
right heart catheterization in every patient who came to the
cardiac catheterization laboratory. In contrast, the 1990
SCA&I survey showed that the practice was to perform
right heart catheterization in only 28% of procedures (5).
The use of right heart catheterization has fallen further
after several standard-setting and regulatory agencies ruled
that a left heart catheterization alone is adequate for most
patients undergoing evaluation for coronary artery disease.
The time (�5 minutes), added expense (�$100), and
added risk (�1/10,000) of right heart catheterization are
small, but so is the added information. So we now skip the
right heart catheterization in patients with a primary diag-
nosis of coronary artery disease, unless they have symp-
toms of congestive heart failure, noninvasive evidence of
depressed left ventricular function or associated valvular
disease, or recent myocardial infarction. In such patients,
however, we still believe that the quantitation of overall
hemodynamic function provided by right heart catheteri-
zation justifies performance of this low-risk adjunctive part
of the overall catheterization evaluation.

If right heart catheterization is to be performed, the
desired right heart catheter (Fig. 4.5) is flushed, attached to
the venous manifold, introduced into the sheath, and
advanced up the inferior vena cava. Although conventional
woven Dacron (Goodale-Lubin or Cournand) catheters
provide excellent torque control, their inherent stiffness
makes them poorly suited for routine use in a training lab-
oratory. It is considerably safer to use 7F balloon flotation
catheters to exploit their ease of passage, low risk of injury
to the right-sided heart chambers, and (with a suitably
equipped catheter) their ability to perform thermodilution
measurements of cardiac output. Unfortunately, such soft
catheters with smaller internal diameters tend to have poor
frequency response (see Chap. 7), may not adequately
transmit the torque required for easy catheterization of
the right-sided heart from the femoral approach, and
accept only 0.021-inch guidewires. To bridge this gap,

Figure 4.4 Vascular sheaths. Center. An original sheath and dilator assembly (USCI “888”). In
contrast to the original design, modern arteriovenous introducers are equipped with back-bleed
valves and side-arm attachment. Top. A Cordis sheath. Bottom. A USCI Hemaquet. Each device is
inserted over a conventional guidewire as a unit, following which the inner Teflon dilator is removed
to permit catheter introduction. The sidearm sheaths also permit fluid infusion and an additional site
for pressure monitoring with the catheter in place.
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stiffer, balloon-tipped catheters (PWP monitoring catheter,
Medtronic) have been developed that combine the safety
of the Swan-Ganz catheter with the catheter control and
frequency response previously found only in the woven
Dacron catheters. The larger lumen diameter also allows
the passage of conventional 0.035- and 0.038-inch diame-
ter guidewires when necessary. 

Deviation of the catheter tip from its paraspinous posi-
tion during advancement from the leg suggests entry into a
renal or hepatic vein, which can be corrected by slight
withdrawal and rotation of the catheter. Once the catheter
is above the diaphragm and within the right atrium, it is
rotated counterclockwise to face the lateral wall of the right
atrium (Fig. 4.6). Additional counterclockwise rotation
and gentle advancement allow passage of the catheter tip
into the superior vena cava, which is contiguous with the
posterolateral wall of the right atrium. In contrast, anterior
orientation of the catheter tip at this point may result in its
entrapment in the right atrial appendage and inability to
reach the superior vena cava. If passage to the superior
vena cava is difficult, the tip of the catheter can be with-
drawn to the inferior vena cava, where a 0.035-inch J
guidewire can be introduced to traverse the straight-line
path from the inferior to the superior vena cava along the
back wall of the right atrium. Once in position, a base-
line superior vena caval blood sample is obtained for

measurement of oxygen saturation and comparison with the
subsequently measured pulmonary arterial blood O2 satura-
tion to screen for unsuspected left-to-right shunts. The
catheter is then flushed with heparinized saline solution and
withdrawn to the right atrium for pressure measurement.

To advance a catheter from the femoral vein to the pul-
monary artery, the tip of the catheter is positioned in the
lower portion of the right atrium, directed toward its lateral
border. If a balloon flotation catheter is being used, the
balloon is inflated at this point. Clockwise rotation is
applied, which causes the catheter tip to sweep the anterior
and anteromedial wall of the right atrium, along which the
tricuspid valve is located (Fig. 4.6). As the catheter tip
passes over the tricuspid orifice, slight advancement causes
it to enter the right ventricle, where pressure is again
recorded. If the right atrium is enlarged, greater curvature
of the catheter may be necessary, i.e., a large J loop. Such a
loop may be formed by bending the tip of the catheter
against the lateral right atrial wall or by engaging in the
ostium of the hepatic vein (just below the diaphragm).
This larger loop can then be rotated clockwise in the
atrium as described above, causing the tip of the catheter to
enter the right ventricle. Right ventricular pressure is then
recorded.

Simple advancement of the catheter in the right ventri-
cle causes the tip to move toward the apex of that chamber

Figure 4.5 Right-sided heart catheters used from the femoral approach. Left. Woven Dacron
Goodale-Lubin, Cournand catheters. Center. Swan-Ganz catheter. Right. Newer balloon catheters,
including the PWP pressure measurement catheter and the Baim-Turi catheter with bipolar pacing
electrodes (USCI).
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and usually does not result in catheterization of the pul-
monary artery. To achieve this latter end, the catheter must
be withdrawn slightly so that its tip lies horizontally and
just to the right (patient’s left) of the spine. In this posi-
tion, clockwise rotation causes the tip of the catheter to
point upward (and slightly posteriorly) in the direction of
the right ventricular outflow tract (Fig. 4.6). The catheter
should be advanced only when it is in this orientation to
minimize the risk of ventricular arrhythmias or injury to
the right ventricle. Advancement may be facilitated if per-
formed as the patient takes a deep breath.

If these maneuvers fail to achieve access to the pul-
monary artery owing to enlargement of the right atrial and
ventricular chambers, the catheter may be withdrawn to
the right atrium and formed into a large reverse loop,
which allows the tip of the catheter to cross the tricuspid
valve in an upward orientation (similar to that when right
heart catheterization is performed from above), which
makes it more likely to enter the outflow tract (Fig. 4.6,

bottom right). When manipulated appropriately, the
catheter tip should cross the pulmonic valve and advance
to a wedge position without difficulty. Having the patient
take a deep breath and cough during advancement is often
of assistance in achieving a wedge position. Alternatively, a
small amount of air may be released from the balloon to
decrease its size and facilitate wedging in a smaller, more
distal branch of the pulmonary artery. Catheters advanced
from the leg are more likely to seek the left pulmonary
artery, whereas catheters advanced from above tend to seek
the right pulmonary artery as they make a continuous
counterclockwise curve through the right heart chambers.
If needed, either pulmonary artery can be catheterized by
appropriate manipulation or careful introduction of a
curved J guidewire, but extending guidewires into the thin-
walled pulmonary arteries should be avoided unless
absolutely necessary.

Following measurement of the wedge pressure, the bal-
loon (if a balloon-tip catheter is being used) is deflated

Figure 4.6 Right heart catheterization from the
femoral vein, shown in cartoon form. Top row.
The right heart catheter is initially placed in the
right atrium (RA) aimed at the lateral atrial wall.
Counterclockwise rotation aims the catheter posteri-
orly and allows advancement into the superior vena
cava (SVC). Although not evident in the figure, clock-
wise catheter rotation into an anterior orientation
would lead to advancement into the right atrial
appendage (RAA), precluding SVC catheterization.
Center row. The catheter is then withdrawn back
into the right atrium and aimed laterally. Clockwise
rotation causes the catheter tip to sweep anterome-
dially and cross the tricuspid valve. With the catheter
tip in a horizontal orientation just beyond the spine,
it is positioned below the right ventricular outflow
tract (RVO). Additional clockwise rotation causes the
catheter to point straight up, allowing for advance-
ment into the main pulmonary artery and from there
into the right pulmonary artery (RPA). Bottom row.
Two maneuvers useful in catheterization of a dilated
right heart. A larger loop with a downward-directed
tip may be required to reach the tricuspid valve and
can be formed by catching the catheter tip in the
hepatic vein (HV) and advancing the catheter quickly
into the right atrium. The reverse loop technique
(bottom right) gives the catheter tip an upward direc-
tion, aimed toward the outflow tract.
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and the catheter is withdrawn into the more proximal left
or right pulmonary artery. There, pulmonary arterial pressure
is measured and another blood sample for measurement
of oxygen saturation is obtained. If a more simultaneous
“snapshot” of the hemodynamic state is desired, these
entry pressures can be re-recorded during a right-sided
heart pull-back. For practical reasons, we now tend to re-
record only the wedge pressure (simultaneous with the left
ventricular pressure) and pulmonary artery pressure, coin-
cident with the measurement of the cardiac output. When
baseline hemodynamics are abnormal, we commonly
leave the right heart catheter in the proximal pulmonary
artery for the duration of the case to allow continuous
monitoring of the pulmonary artery diastolic pressure as
an index of volume status and ischemic left ventricular
dysfunction.

Attempts to perform right heart catheterization occa-
sionally result in entry into other structures. If a woven
Dacron catheter is advanced in the right atrium with a pos-
teromedial orientation, it may cross a patent foramen
ovale and enter the left atrium. This is sometimes hard to
detect by catheter position alone because the catheter
appearance in the left atrium or ventricle may be indistin-
guishable (in the anteroposterior view) from its course
during usual right heart catheterization. It can, however, be
recognized by a change to a left atrial pressure waveform,
position of the catheter tip across the spine and frequently
out into the left lung field (i.e., into a pulmonary
vein, Fig. 4.7A and B), and the ability to withdraw fully
oxygenated blood from the catheter tip. Although more
unusual, a woven Dacron catheter can also enter the
ostium of the coronary sinus, located inferiorly and poste-
riorly to the tricuspid orifice. There will be continued pres-
ence of a right atrial waveform, but blood sampling will
disclose far lower oxygen saturation (20 to 30%) than was
present in the superior vena cava. In the right anterior
oblique projection, the catheter will be seen to remain in
the atrioventricular groove rather than passing rightward
into the ventricle. Anatomic abnormalities can also be sus-
pected when the catheter takes an unusual position or
course during attempted right heart catheterization. Figure
4.7C, D, and E depict the appearance of the right-sided
heart catheter course in three such congenital abnormali-
ties (persistent left superior vena cava, patent ductus arte-
riosus, and anomalous pulmonary venous return). The
most important points about these side trips off the beaten path
to the right ventricle are that the operator should recognize that
the tip of the catheter is not in the right ventricle (i.e., one
should not attempt to get to the pulmonary artery) and should
decide where the catheter is (by pressure monitoring, saturation
analysis, or hand injection of a small amount of contrast agent)
before withdrawing the catheter to the right atrium and proceed-
ing with the right heart catheterization.

In patients with elevated right heart pressures or prior
placement of an inferior vena caval filter or umbrella,
those undergoing specialized procedures (endomyocardial

biopsy, coronary sinus catheterization), or those in whom
prolonged postprocedural monitoring with a balloon
flotation catheter is desired, the right internal jugular vein
offers an excellent alternative to the femoral vein. The tech-
nique for jugular puncture is described in Chapter 20, and
the method of advancing the right-sided heart catheter to
the pulmonary artery is identical to that described for the
brachial approach in Chapter 5. On occasion, percuta-
neous right heart catheterization is performed from the
subclavian or median basilic vein, using a similar tech-
nique.

Femoral Artery Puncture

The common femoral artery is punctured by inserting the
Seldinger or single-wall puncture needle through the more
lateral skin nick. Again, the needle is inserted at approxi-
mately 45° along the axis of the femoral artery as palpated
by the three middle fingers of the left hand. The experi-
enced operator may feel the transmitted pulsations as the
tip of the needle contacts the wall of the femoral artery. 

With the Seldinger needle, it is customary to advance
the needle completely through the artery until the perios-
teum is encountered. The obturator is then removed, and the
hub of the needle is depressed slightly toward the anterior
surface of the thigh. Arterial pressure makes it unnecessary
to attach a syringe to the cannula, so that both hands can
be used to stabilize the needle as it is slowly withdrawn.
When the needle comes back into the lumen of the
femoral artery, as evidenced by vigorous pulsatile flow of
arterial blood, a 0.035- or 0.038-inch J guidewire should
then be advanced carefully into the needle. 

If a single-wall puncture is desired, the operator may
prefer a Potts-Cournand needle (Fig. 4.2), in which the
obturator has a small lumen that transmits a flashback of
arterial blood as the vessel is entered, or the same 18-gauge
single-wall puncture needle described for venous entry.
When the femoral pulse is difficult to palpate or numerous
needle insertions have been fruitless, it may be easiest to
use the 18-gauge SmartNeedle (Escalon Vascular Access,
New Berlin, WI; see Fig. 4.2, bottom panel). The obturator
of this device contains a Doppler crystal that picks up pul-
satile arterial or more continuous venous flow, and thereby
helps aim the needle tip toward the center of the desired
vascular lumen. 

Whichever needle is used to enter the arterial lumen,
the guidewire introduced through the needle should move
freely up the aorta (located to the right [patient’s left]
side of the spine on fluoroscopy) up to the level of the
diaphragm. When difficulty in advancing the guidewire is
encountered at or just beyond the tip of the needle and is
not corrected by slight depression or slight withdrawal of
the needle, the guidewire should be withdrawn to ensure
that vigorous arterial flow is still present before any further
wire manipulation is attempted. If flow is not brisk or if
the wire still cannot be advanced, the needle should be
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removed and the groin should be compressed for 5 minutes.
The operator should verify the correctness of the anatomic
landmarks and attempt repuncture of the femoral artery. If
the second attempt is still unsuccessful in allowing wire
advancement, a third attempt on the same vessel is
unwise, and an alternative access site should generally be
selected.

If wire motion is initially free, but resistance is encoun-
tered after several centimeters (particularly if the patient
complains of any discomfort during wire advancement),
extensive iliac disease or subintimal wire position are dis-
tinct possibilities. The wire should be pulled back slightly
under fluoroscopic control, and the needle should be
removed as the left hand is used to stabilize the wire and

A B

C D

E

Figure 4.7 Alternative paths occasionally encountered while attempting to advance the right
heart catheter from right atrium to ventricle. A and B. A J-tipped guidewire has crossed a patent
foramen ovale into the left atrium and left upper pulmonary vein; the right anterior oblique view
confirms that the guidewire has remained on the atrial side of the atrioventricular plane and thus
could not be in the pulmonary artery. C. The course of a catheter passed from the femoral vein to
the inferior vena cava (IVC), right atrium (RA), coronary sinus (CS), and up into an anomalous left
superior vena cava (LSVC). D. The catheter crossing from the pulmonary artery (PA) to the descend-
ing aorta (Ao) by way of a patent ductus arteriosus. E. The catheter entering an anomalous pul-
monary vein that drains into the right atrium.
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control arterial bleeding. After the wire is wiped with a
moist gauze pad, a small (4F or 5F) dilator can be cau-
tiously introduced to a point just below where wire move-
ment became difficult. The wire is then withdrawn from the
dilator, blood is aspirated to ensure free flow, and a small
bolus of low osmolar contrast medium is then injected gen-
tly under fluoroscopic monitoring. This should disclose the
anatomic reason for difficult wire advancement—generally
iliac tortuosity, stenosis, or dissection. Problems advancing
the wire above the aortic bifurcation may also suggest the
presence of an abdominal aortic aneurysm (7). Either can
usually be overcome by use of a floppy steerable (Wholey
wire, Malinckrodt, Hazelwood, MO) or hydrophilic
(Glidewire, Terumo) guidewire, carefully reintroduced
through the dilator in an attempt to reach the descending
aorta, using extreme care to avoid perforation, dissection,
or dislodgment of atherothrombotic debris (Fig. 4.8A). In
an era when the obstructing lesion can be quickly and effec-
tively treated by angioplasty or stent placement (see
Chapter 27), iliac stenosis is no longer a firm indication to
abandon trans-femoral left heart catheterization!

If contrast injection through the small dilator reveals
that subintimal wire passage has occurred or that the ipsi-
lateral iliac artery is occluded, retrograde left heart catheter-
ization should be relocated to the other femoral artery, the
brachial or radial artery. Patients with retrograde dissection
should be observed for signs of progressive dissection or
arterial compromise, both of which are fortunately rare
with retrograde guidewire dissections. 

In an aging population with diffuse atherosclerotic dis-
ease, the question of performing left heart catheterization via
a prosthetic (e.g., aortobifemoral) graft arises frequently
(8,9). This is not an ideal approach because the graft wall is
tough (making sheath insertion difficult), such grafts may
contain diffuse atherosclerotic or thrombotic debris, and
graft closure or serious graft infection may occur. The graft
should be identified as a separate structure from the adjacent
native femoral artery and punctured using a front-wall
approach. Even if the graft hood is punctured correctly, the
guidewire may pass through the anastomosis and into the
native femoral artery rather than proximally up the graft (8).
In that event, contrast injections through a small dilator in a
RAO projection (right leg) will disclose the problem. Partial
withdrawal of the dilator and the use of special steerable
guidewires may then allow the wire to be redirected into the
graft lumen and thereby reach the descending aorta (Fig.
4.8B). A vascular introducing sheath should always be used
to avoid excessive friction during catheter movement or
excessive traction on catheter tips during withdrawal, but ser-
ial dilators may be needed to facilitate sheath passage
through the tough graft wall. This approach via a vascular
graft can thus be used with care, particularly when other
alternatives (e.g., brachial, axillary, or radial artery) are them-
selves less than desirable. Some operators choose to adminis-
ter prophylactic antibiotics (Kefzol 1 gm every 8 hours for 24
hours) when achieving vascular access via a prosthetic graft.

Catheterizing the Left Heart from 
the Femoral Artery

Once the guidewire has been advanced to the level of the
diaphragm and the needle has been removed, the opera-
tor’s left hand is used to stabilize the wire and control arte-
rial bleeding while the wire is wiped with a moistened
gauze pad to remove any adherent blood. If the catheter is
to be introduced directly into the artery, the soft tissues are
predilated by brief introduction of a Teflon arterial dilator
one F size smaller than the intended catheter before inser-
tion into the left heart catheter itself. Essentially all left
heart catheterizations from the femoral approach, how-
ever, are now performed using an appropriate-sized vascu-
lar sheath (e.g., a 6F sheath for a 6F catheter) that is
equipped with a back-bleed valve and side-arm tubing as
described above. The 15-cm-long sheath is commonly used
for diagnostic catheterization, but can reach only the
midiliac. In the presence of severe tortuosity, it may be
preferable to use the 23-cm-long sheath designed for inter-
ventional procedures, which is sufficiently long to enter
the distal aorta above the bifurcation. This helps improve the
torque responsiveness of diagnostic catheters under those
circumstances.

The chosen sheath is introduced over the guidewire (the
proximal end of which is held in a straightened, fixed posi-
tion) with a rotational motion, following which the
guidewire and dilator are removed and the sheath is
aspirated, flushed, and connected to a pressurized flush
system (Intraflo II [30 mL/hour], Abbot Critical Care,
North Chicago, IL) to avoid clot formation in the sheath.
Alternatively, this side arm can be connected to a manifold
for monitoring arterial pressure at a separate site (e.g., dur-
ing passage of a pigtail catheter across a stenotic aortic
valve). This sheath should be power flushed immediately
after each catheter is introduced or withdrawn by briefly
activating the Intraflo device. 

In the classic approach as described above, the
guidewire was removed once the sheath had been
inserted. This required that the desired left heart catheter
be flushed and loaded with a 145-cm J guidewire before
its nose was introduced into the back-bleed valve of the
sheath. The soft end of the guidewire was then advanced
carefully through the catheter, out the end of the sheath,
and to the level of the diaphragm before the catheter itself
was advanced. One concern, however, is that readvance-
ment of the guidewire out the end of the sheath can cause
vascular injury in the presence of severe iliac tortuosity or
disease. We therefore adopted a modified technique in
which a short exchange length (175 cm) Newton J (Cook,
Inc.) is placed through the access needle, and its tip is left
at the level of the diaphragm as the dilator is removed
from the sheath, the sheath is flushed, and the left heart
catheter is inserted over the wire and through the sheath
lumen. This obviates the need to renegotiate complex
iliofemoral anatomy with the guidewire. 
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Figure 4.8 A. Entry of the right femoral artery was straightforward, but guidewire advancement
stopped in the iliac system. Left. Contrast injection through a 5F dilator shows severe iliac stenosis
with extensive cross-pelvic collaterals. This was crossed with a Terumo Glidewire to allow completion of
the diagnostic angiography and a right coronary artery angioplasty (not shown). Center. Injection in
the abdominal aorta shows the proximal extent of the iliac stenosis. Right. Iliac stenosis then dilated
and treated by placement of a Palmaz-Schatz iliac stent, with restored antegrade iliac flow. 
B. Retrograde left heart catheterization in a patient with previous aortic-bifemoral grafting. Left.
Entry of the graft hood has resulted in passage of the wire into the blind native iliac. Right. In a RAO
projection, the more anterior pathway to the central aorta (Ao) via the graft can be seen overlying
the native iliac, with the bifurcation of the common femoral artery into the profunda and superficial
femoral artery (SFA) just below. C. Difficult wire passage led to placement of a 5F dilator and hand
injection of contrast, showing distal aortic aneurysm (negotiated with Wholey wire). D. In another
patient, hand injection through a 5F dilator showed occlusion of both iliac arteries (only the right is
shown here) leading to conversion to the percutaneous radial approach for completion of the
procedure.
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Once the catheter has been advanced to the desired
level (either above the diaphragm or into the ascending
aorta), the guidewire is removed so that the catheter can be
connected to the arterial manifold and double-flushed
(withdrawal and discarding of 10 mL of blood, followed
by injection of heparinized saline solution). All subse-
quent left heart catheters are then introduced by reinsert-
ing this wire to the level of the diaphragm (allowing one
catheter to be removed and the second to be reintroduced
safely), rather than withdrawing the first catheter com-
pletely and then inserting the second catheter and wire
through the sheath de novo. Of course, if the left heart
catheterization is being performed without the aid of a
sheath, the operator must leave the tip of the wire in the
abdominal aorta during the removal of the first catheter
and the introduction of a second catheter to retain access
to the vessel. These over-the-wire catheter exchanges are
facilitated by extending the back end of the wire straight
down the patient’s leg and holding it fixed there to ensure
that the wire remains in constant position within the aorta
as the newer catheter is advanced.

A Word About Heparin

As described in Chapter 3, early catheterizations from the
femoral artery had a higher incidence of major complica-
tions than catheterization from the brachial artery. One
difference was that brachial catheterization used systemic
heparinization to avoid thrombosis in the smaller diame-
ter brachial artery. When systemic heparinization was
adopted in femoral procedures, the rates of complications
became equivalent, and it became standard practice to
achieve full intravenous heparinization (5,000 U) immedi-
ately after the left-sided sheath was inserted. Lesser
amounts of heparin (2,500 to 3,000) were used, particu-
larly in smaller patients, and additional heparin (up to a
total of 50 to 70 U per kg) was given if the procedure went
on to a coronary intervention. This type of higher heparin
dosing is routinely monitored by an activated clotting time
(ACT) machine in the cardiac catheterization laboratory,
and titrated to an ACT of roughly 300 seconds (10). If it is
planned to use an intravenous IIb/IIIa receptor blocker,
lower levels of heparin anticoagulation (ACT 250 to 275)
may be desired to prevent excessive bleeding risk. 

Although the use of heparin is mandatory for interven-
tional or prolonged diagnostic procedures, most laborato-
ries have abandoned the use of systemic heparinization
for simple diagnostic catheterizations, where the compli-
cations are extremely low with or without heparin (11).
For this issue to be decided scientifically, more than
100,000 patients would have to be randomized to undergo
diagnostic catheterization with versus without systemic
heparinization. Absent such trial data, we now withhold
systemic heparinization for simple procedures, although
we still feel that systemic anticoagulation is appropriate
for more prolonged or complex diagnostic catheterizations,

cases where a guide wire will be required to cross a
stenotic aortic valve, and (absolutely) for all percutaneous
coronary interventions.

If systemic heparinization is used, its effects must be
reversed at the termination of the left heart catheterization
and associated angiography. This was previously accom-
plished by the administration of protamine (1 mL equals
10 mg of protamine for every 1,000 IU of heparin; 12). The
operator should be watchful for potential adverse reactions
to protamine, characterized by hypotension and vascular
collapse, as discussed in Chapter 3. Protamine reactions
appear to be more common in insulin-dependent diabet-
ics and patients with previous protamine exposure, who
are more likely to have elevated levels of IgG or IgE
antiprotamine antibodies (13). With the decreasing use of
heparin during diagnostic catheterization and the increas-
ing use of vascular closure devices, protamine is now rarely
used to reverse heparin.

Catheter Selection

The initial left heart catheter in most cases is a pigtail
catheter with end- and multiple side-holes (Fig. 4.9). This
catheter usually can be flushed in the descending aorta and
then advanced to the ascending aorta without difficulty. If
left ventricular and femoral arterial (sheath side-arm) pres-
sures are being monitored (as in catheterization to evalu-
ate aortic stenosis), the rough equality of central aortic and
femoral arterial pressure should be confirmed at this time
(Fig. 4.10; 3,4,14). The systolic peak in the femoral wave-
form may be slightly delayed and accentuated compared
with the ascending aortic pressure trace, but the diastolic
and mean pressures should be virtually identical. A greater

Figure 4.9 Left heart catheters used from the femoral
approach. Left to right. Pigtail, 145° angled pigtail, and Teflon
Gensini catheter (no longer in common use). All three catheters
have an end hole to allow placement over a guide wire and multi-
ple side holes to minimize the tendency for catheter whipping or
intramyocardial injection during power injection of contrast.



92 Section II: Basic Techniques

difference in mean pressure between the catheter and the
sheath may be seen in a patient with a small or extensively
diseased iliac artery, which may require the use of a longer
sheath, as described above. For the highest pressure fidelity,
the sheath size should be one F size larger than the intended
left heart catheter (e.g., a 5F pigtail advanced though a 6F
sheath). Alternatively, catheters can be advanced from sepa-
rate arterial entry sites to record left ventricular and ascend-
ing aortic pressure; a specially designed pigtail with a sepa-
rate end-hole lumen and side-hole lumen may be used to
perform such pressure recordings (15), or only a pullback
pressure recording from left ventricle to ascending aorta can
be analyzed.

Crossing the Aortic Valve

After measurement of the ascending aortic pressure, the
pigtail catheter is then advanced across the aortic valve and
into the left ventricle. If the aortic valve is normal and the
pigtail is oriented correctly, it will usually cross the valve
directly. In many cases, however, it may be necessary to
advance the pigtail down into one of the sinuses of
Valsalva to form a secondary loop (Fig. 4.11). As the
catheter is withdrawn slowly, this loop will open to span
the full diameter of the aorta, at which point a very subtle
further withdrawal will often cause the pigtail to fall across
the valve.

If significant aortic stenosis is present, the pigtail must
be advanced across the valve with the aid of a straight
0.038-inch guidewire. Approximately 6 cm of the guidewire
is advanced beyond the end of the pigtail catheter, and
the catheter is withdrawn slightly until the tip of the

guidewire is leading (Fig. 4.11). The position of the tip of
the guidewire within the aortic root can then be controlled
by rotation of the pigtail catheter and adjustment of the
amount of wire that protrudes; less wire protruding directs
the wire tip more toward the left coronary ostium, whereas
more wire protruding directs the wire more toward the
right coronary ostium. With the wire tip positioned so that
it is directed toward the aortic orifice, the tip of the wire
usually quivers in the systolic jet. Wire and catheter are
then advanced as a unit until the wire crosses into the left
ventricle. If the wire buckles in the sinus of Valsalva instead
of crossing the valve, the catheter–wire system is with-
drawn slightly and readvanced with or without subtle
change in the length of protruding wire or the orientation
of the pigtail catheter. Alternatively, some operators prefer
to leave the pigtail catheter fixed and move the guidewire
independently in attempts to cross stenotic aortic valves. In
either case, the wire should be withdrawn and cleaned and
the catheter should be double-flushed vigorously every 3
minutes despite systemic heparinization. If promising wire
positions are not obtained, the process should be repeated
using a different catheter: an angled pigtail or left Amplatz
catheter if the aortic root is dilated or a Judkins right coro-
nary catheter if the aortic root is unusually narrow (16).
Other catheters have been proposed for this purpose (17),
but we have found these standard catheters to suffice in vir-
tually all cases.

When the tip of the guidewire is across the aortic valve,
additional wire should be inserted before any attempt is
made to advance the catheter itself. Otherwise the catheter
may be diverted into a sinus of Valsalva, causing the wire to
flip out of the left ventricle. The straight wire should be
advanced carefully, since there is a potential (admittedly
small in the hypertrophic left ventricle of a patient with
aortic stenosis) to perforate the left ventricular wall if the
guide wire is advanced farther when it has become trapped
in an endocardial surface feature. Once the catheter is in
the left ventricle, the wire is immediately withdrawn and
the catheter is aspirated vigorously, flushed, and hooked
up for pressure monitoring, so that a gradient can be mea-
sured even if the catheter is rapidly ejected from the left
ventricle or must be withdrawn because of arrhythmias.
When using a left Amplatz catheter to cross a stenotic
valve, however, we prefer to cross the valve with a full
exchange length (260-cm) guidewire. Once the tip of this
wire has entered the left ventricle, it is left in position as the
Amplatz catheter is removed, and a conventional pigtail
catheter is substituted before an attempt is made to mea-
sure left ventricular (LV) pressure.

The same approach applies to retrograde catheterization
across a porcine aortic valve prosthesis, although it is more
common to use a J-tip guidewire to help avoid the area
between the support struts and the aortic wall. Ball valves
(Starr-Edwards) can be crossed retrograde with this
approach, but use of a small (4F or 5F) catheter will mini-
mize the amount of aortic regurgitation resulting from

Figure 4.10 Central aortic pressure (Ao) measured through a
7.3F pigtail catheter (Cook) and femoral artery (FA) pressure mea-
sured from the side arm of an 8F arterial sheath (Cordis). Only min-
imal damping of the femoral artery pressure is seen, blunting its
systolic overshoot, which frequently exceeds central aortic systolic
pressure (see Chapter 7). With larger (8F) catheters, more damping
may occur in the side-arm pressure.
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catheter interference with diastolic ball seating. Tilting disc
valves (Bjork-Shiley, St. Jude, Carbomedics), however, should
not be crossed retrograde because of the potential for pro-
ducing torrential aortic regurgitation, catheter entrapment,
or even disc dislodgement if the catheter passes across the
smaller (minor) orifice. Although safe passage through the
major orifice may be possible under careful fluoroscopic
control (18), we still prefer a trans-septal or even apical
puncture approach (see below) when it is necessary to
enter the left ventricle in a patient who has a tilting disc
valve in the aortic position.

Control of the Puncture Site Following 
Sheath Removal

Originally, standard groin management required the effect
of heparin to wear off or be reversed by protamine to an

ACT �160 seconds before the arterial catheter and sheath
were removed and manual pressure applied. Manual pres-
sure method is best applied using three fingers of the left
hand that are positioned sequentially up the femoral
artery beginning at the skin puncture. With the fingers in
this position, there should be no ongoing bleeding into
the soft tissues or through the skin puncture, and it should
be possible to apply sufficient pressure to obliterate the
pedal pulses and then release just enough pressure to
allow them to barely return. Pressure is then gradually
reduced over the next 10 to 15 minutes, at the end of
which time pressure is removed completely. The venous
sheath is usually removed 5 minutes after compression of
the arterial puncture has begun, with gentle pressure
applied over the venous puncture using the right hand. To
avoid tying up the catheterization laboratory during this
period, patients were usually taken to a special holding

Figure 4.11 Crossing the aortic valve with a pigtail catheter. Top left. Although a correctly ori-
ented pigtail catheter will frequently cross a normal aortic valve directly, it may also come to rest in
the right or noncoronary sinus of Valsalva. Top center. Further advancement of the catheter enlarges
the loop to span the aortic root and positions the catheter. Top right. Slow withdrawal causes the
catheter to sweep across the aortic orifice and fall into the left ventricle. Bottom left. To cross a stenotic
aortic valve, the pigtail catheter must be led by a segment of straight guidewire. Increasing the length
of protruding guidewire straightens the catheter curve and causes the wire to point more toward the
right coronary ostium; reducing the length of protruding wire restores the catheter curve and causes
the wire to point more toward the left coronary ostium. Once the correct length of wire and the correct
rotational orientation of the pigtail catheter have been found, repeated advancement and withdrawal of
both the catheter and guidewire as a unit will allow the wire to cross the valve. Bottom center. In a
dilated aortic root, an angled pigtail provides more favorable wire positions. Bottom right. In a small
aortic root, a Judkins right coronary catheter may be preferable.
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room in the catheterization laboratory or back to their
hospital beds before the sheaths were removed. If such
relocation is to be performed prior to sheath removal, it is
important that the sheaths are secured in place (suture, or
at least tape) to prevent them being pulled out during
transport.

When procedures are performed using larger arterial
sheaths or with thrombolytic agents or IIb/IIIa receptor
blockers, more prolonged (30- to 45-minute) compres-
sion is typically required. To avoid fatigue of the operator
or other laboratory personnel performing compression,
we typically use a mechanical device (Compressar
[Applied Vascular Dynamics, Portland, OR] or FemoStop
[Radi Medical, Wilmington, MA]) to apply similar local
pressure. These devices can be equally or even more effec-
tive in prolonged holds (19), but manual compression
may be preferred for removal of smaller (6F) sheaths or in
patients with peripheral vascular disease or prior periph-
eral grafting surgery where occlusive compression or flow
restriction might cause arterial occlusion. In every case,
however, it should be emphasized that a trained person
must be in attendance throughout the compression to
ensure that the device is providing adequate control of
puncture site bleeding and is not compromising distal
perfusion.

After compression has been completed, the puncture
site and surrounding area are then inspected for hematoma
formation and active oozing, and the quality of the distal
pulse is assessed before application of a bandage. The
patient is usually kept at bed rest with the leg straight for 4
to 6 hours following percutaneous femoral catheterization
(20), with a sandbag in place over the puncture site for the
first few hours after catheter removal. In patients at higher
risk for rebleeding (those with hypertension, obesity, or
aortic regurgitation), application of a pressure bandage in
addition to the sandbag may be of value. Elevation of the
head and chest to 30 to 45° by the electrical or manual bed
control, without muscular effort by the patient, will greatly
increase the patient’s comfort and will not increase the risk
of local bleeding. The only reason to insist that the patient
lie completely flat is if there is significant orthostatic
hypotension. Before ambulation and again before dis-
charge, the puncture site should be reinspected for recur-
rent bleeding, hematoma formation, development of a
bruit suggestive of pseudoaneurysm or A-V fistula forma-
tion, or loss of distal pulses.

Puncture Closure Devices

The technique described above relies on manual or
mechanical pressure for initial control of arterial bleed-
ing and then on local hemostasis for ongoing plugging
of the arterial puncture site. The potential for ongoing
bleeding (with formation of hematoma, false aneurysm,
or arteriovenous fistula) has already been described in
Chapter 2 and tends to be more common with interven-

tional procedures that require larger sheath size or more
aggressive antithrombotic therapy. This has prompted
the development of a variety of new devices that seek to
provide more positive closure of the arterial puncture
site (Fig. 4.12; 21). These devices allow sheath removal in
the catheterization laboratory in even a fully anticoagu-
lated patient and shorten the time to hemostasis and
ambulation.

The simplest devices are the VasoSeal (Datascope,
Paramus, NJ) and Sure Stat (Sub-Q, San Clemente, CA),
which apply a collagen or other resorbing hemostatic plug
in the skin track apposed to the outer wall of the femoral
artery. In randomized trials, the VasoSeal device shortened
the time to hemostasis (from 17 to 4 minutes) and ambu-
lation (from 19 to 13 hours) without clear benefit in terms
of hematoma formation or the need for vascular surgery
compared with manual compression. In diagnostic catheter-
ization, it can also accelerate the time to ambulation to 1 to
2 hours (22).

Next in complexity is the AngioSeal hemostatic punc-
ture closure device (Sherwood, Davis & Geck), which
positions a rectangular absorbable “anchor” made of
absorbable suture material against the inside wall of the
artery and uses an attached suture to winch a small colla-
gen plug down against the outside of the artery (23). In a
randomized trial of mostly diagnostic procedures (24),
the AngioSeal reduced the time to hemostasis (from 15.3
to 2.6 minutes) and ambulation (from 4 to 6 hours to 
1 hour) compared with manual compression, with a
modest decrease in hematoma formation. 

The Duet device (25) differs in that it uses a liquid pro-
coagulant mixture (thrombin and collagen) that is injected
into the soft-tissue tract leading from the outside of the
artery to the skin. A compliant balloon on a wire is first
positioned and inflated within the artery, pulled into con-
tact with the end of the sheath that was used for the
catheterization, and then pulled back against the inside of
the puncture site to tamponade bleeding. The sheath is
then withdrawn roughly 1 cm farther so that its end lies
outside the vessel lumen, and the sheath side arm is used
to inject the procoagulant into the soft-tissue tract leading
to the outside of the artery. The Matrix VSG system (Access
Closure, Inc, Mountain View, CA) differs in the use of a
two-component gel that solidifies in the skin tract and
adheres to the outside of the artery, but whose dilution
sensitivity prevents gelation if inadvertently injected into
the arterial lumen.

Although each of these devices depends greatly on the
procoagulant properties of its collagen component, the
approach of Prostar (Abbott Vascular, Redwood City, CA)
relies on the use of a sheathlike device to perform suture-
mediated closure of the arterial puncture site. This device
has undergone several design improvements to improve
the ease of delivery, but it still relies on the passage of fine
nitinol needles through the margins of the arterial puncture
and out through the skin tunnel, where they can be tied to
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Figure 4.12 Schematic diagrams of various new devices for the closure of femoral arterial punc-
tures. A. The VasoSeal. B. The AngioSeal (Kensey-Nash) device. C. The Prostar suture device. D. The
Duet device. (See text for details.)

provide surgical hemostasis (26). It shortens the time from
the end of the procedure to hemostasis (19 minutes versus
243 minutes) and ambulation (106 minutes for diagnostic
and 232 minutes for interventional procedures versus 4 to
6 hours and 6 to 12 hours, respectively), with a compara-
bly low incidence of major complications (27). Other
suturing devices have been released by SuperStitch
(Sutura, Fountain Valley CA) and X-site (Datascope). A
similar effect can be achieved using external metallic clips
(EVS, Angiolink, Taunton, MA, or Integrated Vascular
Systems Clip, Abbott, Sunnyvale, CA). The external appli-
cation of focused ultrasound to thermally seal the punc-
ture site (TheraSeal) is currently being explored by Therus
(Seattle WA).

Given this array of new devices, groin closure devices
are now being used in most cases in some laboratories,
whereas others under less pressure to provide early ambu-
lation and same-day discharge restrict them to patients
with an increased risk of bleeding with manual compres-
sion or other conditions (back pain, trouble voiding) that
make prolonged bed rest undesirable. As these devices
continue to evolve and the demand for early ambulation
offsets the moderate cost ($100 to $300) of a closure
device, they may ultimately replace prolonged local man-

ual or mechanical pressure in the control of postproce-
dural bleeding from the femoral artery. The conversion to
puncture-sealing devices will be accelerated if they can
consistently reduce the 1 to 2% incidence of hemorrhagic
complications at the arterial puncture site, which consti-
tute one of the most common morbidities associated
with catheterization from this route. Of course, the suc-
cess of these puncture-sealing approaches rests on the
premise that a single, accurate, front-wall puncture of the
common femoral artery has been performed and that
favorable conditions prevail within the vessel and the sur-
rounding soft tissue. Each also requires a modest level of
skill and training on the part of the operator and the real-
ization that difficulties encountered in performing a
clean closure, once the sheath has been removed and wire
access has been given up, may increase rather than
decrease the incidence of complications requiring vascu-
lar surgery, deep infection, or transfusion. A meta-analysis
of groin closure devices (28) suggests that early genera-
tions of these devices may have slightly increased compli-
cations such as pseudoaneurysm or infection compared
with manual or mechanical compression, but they are
now used with good results in most femoral catheteriza-
tions.

A B
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In an era of increasingly sophisticated catheter-based
therapies, it seems likely that an effective device for defini-
tive closure of the femoral artery puncture site will replace the
50-year-old practice of pressing on the puncture site until
the bleeding stops!

Contraindications to Femoral Approach 
to Left Heart Catheterization 

As discussed in Chapter 1, the choice of catheterization
approach (femoral or brachial) is usually a function of
operator, institution, and patient preference. Because of
technical ease, however, data from the 1990 Society for
Cardiac Angiography and Intervention registry show that
83% of diagnostic (and 96% of interventional) catheteriza-
tions are performed via the femoral approach (5). In
patients with peripheral vascular disease (femoral bruits or
diminished lower extremity pulses), abdominal aortic
aneurysm, marked iliac tortuosity, prior femoral arterial
graft surgery, or gross obesity, however, catheter insertion
and manipulation may present technical challenges even
for experienced operators. Recognition of these relative

contraindications may favor the use of the percutaneous
axillary, brachial, radial, or even translumbar aortic
approaches (see below). Each laboratory should thus have
one or more operators skilled in these alternative percuta-
neous routes, particularly if no operators skilled in the
brachial cutdown approach (see Chapter 5) are available. 

Beyond the limitations of access to the central arterial
circulation, one important parameter in the selection of a
percutaneous access site is the ability to obtain hemostasis
after catheter removal. In the femoral arterial entry tech-
nique, this is usually obtained easily after removal of a per-
cutaneous arterial catheter, but patients with a wide pulse
pressure (e.g., severe aortic incompetence or systemic
hypertension), gross obesity, or ongoing anticoagulation
have more problems with bleeding after femoral catheteri-
zation than do patients without these factors, particularly
if a groin closure device is not used. The vascular complica-
tions of percutaneous retrograde arterial catheterization
are usually not life threatening (29–32) and have already
been discussed in Chapter 3. In the final analysis, however,
there are relatively few patients who absolutely cannot be
catheterized from the femoral approach.

C
D

Figure 4.12 (continued )
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ALTERNATIVE SITES FOR LEFT 
HEART CATHETERIZATION 

The techniques described above for percutaneous insertion
of a femoral catheter also can be used successfully from the
axillary, brachial, or radial arteries, or even the lumbar
aorta, with the use of an introducing sheath. In certain
cases, access to the left heart may be gained by trans-septal
puncture from the right atrium to the left atrium, or even
by direct percutaneous entry via the left ventricular apex.
Although these other access sites may use needle puncture,
guidewire advancement, and sheath insertion skills similar
to those outlined above for the femoral approach, the
operator wishing to use one of the alternative percuta-
neous routes must master the local anatomy, details of
maximal allowable catheter size, limitations on catheter
selection, techniques for achieving postprocedural hemo-
stasis, and the range of complications that may ensue
from bleeding or thrombosis at that anatomic location.
Individuals interested in mastering one or more of these
approaches are referred to the growing body of literature.

Percutaneous Entry of the Axillary 
or Brachial Arteries

Axillary puncture has long been used as an alternative to
femoral entry by the vascular radiologist (33). The patient’s
hand is brought behind his or her head to expose the axil-
lary fossa, in which the artery can be felt to course. Using
local anesthesia and needle puncture and guidewire tech-
niques like those described above, the axillary artery is
entered over the head of the humerus. The left axillary
artery is generally preferred to allow use of preformed
Judkins catheters and avoid the brachiocephalic trunk.
Effective control of the puncture site after catheter removal
is critical, since accumulation of even modest amounts of
hematoma around the artery can cause nerve compression
(34).

The brachial artery is, of course, readily approached by
surgical cutdown (see Chap. 5) but may also be approached
using percutaneous (needle and guidewire) techniques
(35). The antecubital fossa is prepared and anesthetized as
for the cutdown approach. A 21-gauge arterial needle, a
special 0.021-inch heavy-duty guidewire, and a 5F or 6F
sheath (MicroPuncture set, Cook) can be used to gain
access, after which traditional percutaneous catheter tech-
niques are used. Working from the right brachial artery,
Amplatz coronary curves are preferred (see Chapter 11). At
the end of the procedure, the sheath is removed and the
area is compressed manually. Alternatively, proximal
occlusion can be obtained by inflation of a blood pressure
cuff while a gauze pad and a clear intravenous infusion
pressure bag is inflated to above systolic pressure over the
puncture site (36). Pressure is then released gradually over
20 to 25 minutes. Comparisons of this percutaneous
brachial technique to brachial cutdown show a shorter

procedure time (without the need for dissection or repair)
and no increase in complications, although surgical repair
may be needed occasionally (37). This represents a viable
approach for outpatient catheterization or an excellent
alternative for access in a patient with difficult femoral or
iliac anatomy when a Sones-trained angiographer is not
available.

Percutaneous Entry of the Radial Artery

The radial artery was previously viewed as a site for place-
ment of monitoring lines in the coronary care unit, rather
than an access route for cardiac catheterization. Largely
through the efforts of champions like Kiemeneij (38),
however, this has now been adapted to the performance of
diagnostic angiography and many types of percutaneous
coronary intervention (including stent placement;
38–41). The transradial approach is particularly advanta-
geous for patients with peripheral vascular disease or
morbid obesity. Although transradial procedures cur-
rently account for fewer than 10% of all coronary diag-
nostic and interventional procedures in the United States,
this percentage is higher in Europe and East Asia and is
expected to grow. 

Access site bleeding complications are exceedingly rare,
and hospital length of stay is significantly shortened, offer-
ing better outcomes at lower cost (42–44). Transradial
access is preferred by most patients because of reduced
periprocedural discomfort, faster time to ambulation, and
improved postprocedural quality of life (43). In compari-
son with femoral and brachial artery approaches, transra-
dial access has a number of advantages. The radial artery is
superficial, is easily compressible, and there are no major
nerves or veins in its vicinity, reducing the risk of neu-
ropathies or arteriovenous fistulae (45). Limitations of
transradial access include significant operator learning
curve and smaller artery size, sometimes restricting inter-
ventional device options. The availability of hydrophili-
cally coated sheaths and large-bore 6F and 7F guiding
catheters, however, provides virtually complete device flex-
ibility for complex procedures involving, for example,
bifurcation treatment, vascular brachytherapy, rotational
atherectomy, embolic protection, or rheolytic thrombec-
tomy. 

Because postprocedural occlusion of the radial artery
occurs in up to 3% of transradial procedures, assessment of
palmar arch patency must be addressed prior to the proce-
dure (Fig. 4.13). Most operators use a modification of the
Allen test, first developed by Hovagim and coworkers (46)
and validated by Dr. Gerard Barbeau in �1,000 patients.
This approach simply places a pulse oximeter probe on the
thumb while compressing the radial and ulnar arteries. The
presence of an arterial waveform (even if with reduced
amplitude or delayed appearance) and hemoglobin satura-
tion �90% (Barbeau grades A, B, and C) confirms the ade-
quacy of palmar arch blood flow (Fig. 4.14).
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Although more challenging than routine transfemoral
access, success rates for achieving transradial access are typ-
ically above 95% (3,6). For cannulation of the radial artery
during the learning-phase, we recommend placing the arm
in an abducted position with extension of the wrist.
Successful cannulation is then followed by adduction of
the arm to allow for body positioning and room setup
identical to transfemoral cases. Experienced operators
often access the radial artery in an adducted position with-
out need for subsequent repositioning. 

The right arm is preferred owing to several considera-
tions. First, cardiothoracic surgeons prefer to harvest the
left radial artery as a conduit for CABG, and conduit
arteries should be avoided because routine catheteriza-
tion is associated with intimal thickening by intravascu-
lar ultrasound. Second, access via the left arm requires
marked adduction of the arm to retain routine room
setup and allow positioning of the operator and cath lab
team to the right of the patient. However, it should be
noted that in post-CABG patients, left internal mammary
angiography is most easily accomplished via the left
radial artery.

The preferred radial artery cannulation site is approxi-
mately 1 to 2 cm proximal to the radial styloid. Access of
the radial artery over the flexor retinaculum should be

avoided. Local anesthesia with Xylocaine is used sparingly
(skin infiltration only) to minimize radial artery manipu-
lation and spasm. We recommend cannulation of the
radial artery with a micropuncture needle (21 gauge, 4 cm
long) that allows for placement of a 0.018-inch guidewire
(MicroPuncture Set, Cook Incorporated, Bloomington, IN;
Table 4.1). The guidewire should be advanced with great
care. Resistance to passage is associated with subintimal
passage or radial artery tortuosity, and further advance-
ment can lead to dissection or perforation. Faced with
resistance to wire advancement, placement of a short
small-bore plastic introducer over the wire can be used for
angiography of the distal portion of the radial artery. Once
fully advanced, this guidewire allows for the placement of
a long 5F hydrophilic sheath (23 cm) with a tapered intro-
ducer. Anticoagulation (typically 2,500 to 5,000 U heparin
intravenously) is administered immediately after sheath
insertion, and many operators also administer a cocktail of
vasodilators (nitroglycerine 100 to 200 
g, verapamil 1.25
to 2.5 mg) via the sheath to reduce radial artery spasm. The
use of hydrophilic sheaths, however, has resulted in a dra-
matic reduction in radial artery spasm that can in turn lead
to significant discomfort during catheter manipulation or
sheath removal.

Diagnostic angiography via the radial artery approach
requires some modifications from routine transfemoral
angiography. Diagnostic catheters (usually 5F) are advanced
into the aortic root over a 0.035-inch 1-mm J wire. If passage
of the J wire into the ascending aorta is difficult owing to
subclavian artery tortuosity, having the patient take a deep
inspiration helps avoid the descending aorta, as does coun-
terclockwise catheter rotation. Catheter selection depends
on the site of radial access. Standard diagnostic catheters
(i.e., JL4, JR4) may be used via the left radial artery
approach for most cases, but catheterization from the right
radial artery requires either alternative shapes (Kimny
[trade name for the catheter shape developed by
Dr. Kiemeneij], Barbeau, AL1, AL2) or different Judkins
catheter shapes. In general, engagement of the left main via
the right radial artery requires smaller catheters (e.g., JL3.5
compared with JL4, XB3 compared with XB3.5) compared

Superficial
Palmar Artery

Cannulation Site
(~1–2 cm proximal to radial styloid)

Radial Artery
Ulnar Artery

Palmar Arch

Figure 4.13 Radial artery anatomy, collateral circulation, and
cannulation site. The preferred radial artery cannulation site is
approximately 1 to 2 cm proximal to the radial styloid.

Figure 4.14 Modified Allen test to assess palmar arch
patency. Palmar arch patency is addressed prior to the pro-
cedure using a modified Allen test first developed by
Hovagim (see reference 46) and validated by Dr. Gerard
Barbeau (Hospital Laval, Quebec City, Quebec, Canada). A
pulse oximeter probe is placed on the thumb while the
radial artery is compressed. The presence of an arterial
waveform (even if with reduced amplitude or delayed
appearance) and hemoglobin saturation �90% (Barbeau
Grades A, B, and C) confirm the adequacy of palmar arch
blood flow (kindly provided by Dr. Gerard Barbeau).
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with those used for femoral or left radial procedures.
Engagement of the coronary ostia may be facilitated by
leaving the guidewire within the catheter to enhance
torquability. Use of a smaller injecting syringe (i.e., 8 mL
rather than 12 mL) or a power injector may optimize
angiography with 4F and 5F catheters. To limit exchanges,
some operators prefer using a single catheter (e.g., AL1,
AL2, Kimny, Barbeau) for both left and right coronary
angiography. Catheter exchanges should always be per-
formed with a guidewire remaining in the ascending aorta. 

Coronary intervention via transradial access requires
only minor modifications relative to the femoral approach,
but guiding catheter selection and lack of support are
frequent sources of frustration during the learning
phase. More than 90% of PCIs performed transradially at
Brigham and Women’s Hospital are performed with
either XB/EBU 3.0 or 3.5, JR4, or hockey stick guides.
Many alternative shapes are available for radial interven-
tions, including among others, MAC, Kimny, Barbeau,
Muta left, Muta right, radial, and Mann internal mam-
mary. Intervention with 5F and 6F guiding catheters
requires periodic deep catheter engagement for stent
deployment (see Chapter 22). In larger male patients, it
may be possible to use 7F or 8F guiding catheters—a long
(23-cm) sheath should be used in these cases—but they
should be introduced gradually and delicately. Sheath

changes should be performed with meticulous attention to
hemostasis since compartment syndrome is a known and
serious complication of even brief forearm bleeding.
Antithrombotic therapy for transradial PCI is administered
as per usual protocol for transfemoral procedures.
Technical tips for diagnostic and interventional transradial
procedures are reviewed by Barbeau (47). 

Radial Sheaths are removed immediately after diagnos-
tic angiography or coronary intervention in the cardiac
catheterization laboratory. Since the radial artery is superfi-
cial and easily compressible and since transradial proce-
dures are associated with only rare bleeding complications,
ACT is not used to guide sheath removal in radial proce-
dures. A compression strap (Hemo Band, Hemo Band
Corp., Portland, OR; TR band, Terumo; Adapty, Nichiban
Co., Japan) or device (Rad Stat, IEP Group, Inc., Raleigh,
NC; RadiStop, Radi Medical Systems AB, Uppsala, Sweden)
is placed directly over the radial artery puncture site and
occlusive pressure is applied for approximately 90 minutes
for diagnostic procedures and approximately 180 minutes
for interventional procedures. Venous engorgement and
paresthesias are not uncommon during compression. Care
must be taken to avoid compression of the ulnar artery,
which may be monitored using the modified Allen test
with the pulse oximeter probe. In the absence of lingering
sedation, immediate ambulation is permissible following
transradial catheterization.

Major complications with transradial access are rare
(41, 47a). The most common complication is radial artery
occlusion, which has been documented by serial ultra-
sound studies in approximately 3% of patients. Occlusion
is rarely associated with clinical symptoms as long as the
Allen test showed patency of the palmar arch. Forearm
hematomas require careful management to prevent pro-
gression to compartment syndrome. Placement of a second
compression device proximal to the first is occasionally
helpful in optimizing hemostasis. We have also seen two
cases in which the radial artery adhered to the sheath so
tenaciously that a segment of artery was transected and
removed with the sheath, requiring immediate compres-
sion and vascular surgical repair! Access site infections
and sterile abscesses, likely secondary to hydrophilic coat-
ing, have been reported (48). Repuncturing of the same
radial artery in the days, weeks, or months following initial
puncture is routine, although patency of the palmar arch
should be ensured before each procedure. This is usually
preferable to the use of both radial arteries over time,
leaving one pristine for potential future use as a bypass
conduit.

Institution of a transradial catheterization program
requires a team approach within the cardiac catheteriza-
tion laboratory and hospital wards. Preprocedural evalua-
tion includes bilateral upper extremity blood pressure
determination and a modified Allen test. Procedural modifi-
cations require additional equipment with the cardiac
catheterization laboratory inventory. Postprocedural care

TRANSRADIAL EQUIPMENT 
TABLE 4.1

Xylocaine needle 25 gauge
Radial access kit

Cook
Scimed
Cordis/Johnson & Johnson
Mayo Healthcare

1-mm 0.35-inch J wire
Diagnostic angiography (4F, 5F)

Kimny
Barbeau
JL3.0, JL3.5, JR4
AL1.0, AL2.0

Guiding catheters (5F, 6F, 7F, 8F)
XB 3.0, 3.5
EBU 3.0, 3.5
Barbeau
Kimny
JL3.0, 3.5, JR4
Muta left
Muta right
Radial
Mann internal mammary
MAC 3.0, 3.5, 4.0

Radial artery compression devices
Hemo Band, Hemo Band Corp., Portland, OR
TR band, Terumo
Adapty, Nichiban Co., Japan
Rad Stat, IEP Group, Inc., Raleigh, NC
RadiStop, Radi Medical Systems AB, Uppsala, Sweden
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requires meticulous attention to the radial artery compression
device. 

Lumbar Aortic Puncture

Percutaneous puncture of the lumbar aorta is a technique
that has been used by radiologists to study patients with
extensive peripheral vascular disease since the early 1980s
and was then adapted to the performance of coronary
angiography (49). More recently, this approach has even
been used for coronary stent placement (50), although the
fact that the procedure must be done with the patient
prone complicates angiographic views and limits resuscita-
tive efforts. The inability to apply direct pressure over the
arterial entry site (the posterior wall of the aorta) also lim-
its aggressive anticoagulation. Because of these negative
factors, direct aortic puncture should be considered a last
resort for vascular entry. 

Trans-septal Puncture

With refinements and improvements in techniques for ret-
rograde left heart catheterization, the use of trans-septal
puncture for access to the left atrium and left ventricle
(51,52) had become an infrequent procedure in most adult
cardiac catheterization laboratories (53). In these laborato-
ries, trans-septal puncture was reserved for situations in
which direct left atrial pressure recording was desired (pul-
monary venous disease), in which it was important to
distinguish true idiopathic hypertrophic subaortic stenosis
(IHSS) from catheter entrapment, or in which retrograde

left-sided heart catheterization had failed (e.g., owing to
severe peripheral arterial disease or aortic stenosis) or was
dangerous owing to the presence of a certain type of
mechanical prosthetic valve (e.g., Bjork-Shiley or St. Jude
valves). The infrequency with which the procedure was
performed made it difficult for most laboratories to main-
tain operator expertise and to train cardiovascular fellows
in trans-septal puncture and thus gave the procedure an
aura of danger and intrigue. With the advent of percuta-
neous mitral valvuloplasty and antegrade aortic valvulo-
plasty using the Inoue balloon (54; Chapter 25), as well
as the availability of improved equipment, trans-septal
catheterization has again become a relatively common
procedure (55).

The goal of trans-septal catheterization is to cross from
the right atrium to the left atrium through the fossa ovalis.
In approximately 10% of patients, this maneuver is per-
formed inadvertently during right heart catheterization
with a woven Dacron catheter because of the presence of a
probe-patent foramen ovale, but in the remainder, mechan-
ical puncture of this area with a needle and catheter combi-
nation is required to enter the left atrium. Although punc-
ture of the fossa ovalis itself is quite safe, the danger of the
trans-septal approach lies in the possibility that the needle
and catheter will puncture an adjacent structure (i.e., the
posterior wall of the right atrium, the coronary sinus, or the
aortic root). To minimize this risk, the operator must have a
detailed familiarity with the regional anatomy of the atrial
septum (Fig. 4.15). As viewed from the feet with the patient
lying supine, the plane of the atrial septum runs from
1 o’clock to 7 o’clock. The fossa ovalis is posterior and

Figure 4.15 Regional anatomy for trans-
septal puncture. Top left. The position of the
fossa ovalis is shown relative to the superior
vena cava (SVC), aortic root (Ao), coronary
sinus (CS), and tricuspid valve (TV). Top right. A
cross section through the fossa (looking up
from the feet) demonstrating the posterome-
dial direction of the interatrial septum (bold
line) and the proximity of the lateral free wall of
the right atrium. Bottom row. The appearance
of the trans-septal catheter as it is withdrawn
from the SVC in a posteromedial orientation.
As the catheter tip slides over the aortic root
(bottom left, dotted position) it appears to
move rightward onto the spine. Slight further
withdrawal leads to more rightward movement
into the fossa (solid position). Bottom center.
Puncture of the fossa with advancement of the
catheter into the left atrium. Bottom right.
Advancement into the left ventricle with the
aid of a curved tip occluder. (Redrawn from
Ross J Jr. Considerations regarding the tech-
nique for transseptal left heart catheterization.
Circulation 1996;34:391.)
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caudal to the aortic root and anterior to the free wall of the
right atrium. The fossa ovalis is located superiorly and pos-
teriorly to the ostium of the coronary sinus and well poste-
rior of the tricuspid annulus and right atrial appendage. The
fossa ovalis itself is approximately 2 cm in diameter and is
bounded superiorly by a ridge—the limbus.

This anatomy can be distorted somewhat by the pres-
ence of aortic or mitral valve disease (56). In aortic stenosis,
the plane of the septum becomes more vertical and the
fossa may be located slightly more anteriorly. In mitral
stenosis, the intra-atrial septum becomes flatter with a
more horizontal orientation and the fossa tends to lie
lower. Combined with the fact that the septum (and fossa)
may then bulge into the right atrium, this makes detailed
familiarity with the anatomy even more important when
trans-septal catheterization is attempted in patients with
advanced valvular heart disease. Several algorithms using
fluoroscopic landmarks determined by right and left atrial
angiography, or the position of a pigtail catheter in poste-
rior (noncoronary) aortic sinus of Valsalva, have been
developed to aid localization of the best site for trans-
septal puncture (57,58; Fig. 4.16). Alternatively, intraproce-
dural transthoracic (59), transesophageal (60), or intracar-
diac (61–63) ultrasound may aid in identifying the optimal
location for puncture of the intra-atrial septum (Fig. 4.17).

Classically, trans-septal catheterization is performed
only from the right femoral vein, although the technique

for a transjugular approach has also been described
(63a). For the femoral approach we use a 70-cm curved
Brockenbrough needle (USCI, Billerica, MA), which tapers
from 18 gauge to 21 gauge at the tip (Fig. 4.18). The needle
is introduced via a matching Brockenbrough catheter or 8F
Mullins sheath and dilator combination (64; USCI) that
has been inserted to the superior vena cava over a flexi-
ble 0.032-inch, 145-cm J guidewire. Once the wire has
been removed and the catheter has been flushed, the
Brockenbrough needle is advanced through the catheter,
with an obturator (Bing stylet) protruding slightly beyond
the tip of the needle to avoid abrasion or puncture of the
catheter wall during needle advancement. As the needle
and its stylet are advanced through the catheter, the patient
may experience a slight pressure sensation owing to distor-
tion of the venous structures by the rigid needle. During
needle advancement, it is thus essential to allow the needle
and its direction indicator to rotate freely so that it may fol-
low the curves of the catheter and venous structures; the
hub of the needle should never be grasped and rotated at
this point. The progress of the needle tip should be moni-
tored fluoroscopically, looking for any sign of perforation
of the catheter by the needle. The stylet is then removed at
the diaphragm, and the needle hub is connected to a pres-
sure manifold, using a stopcock with a short length of
tubing, and is carefully flushed. The needle is then
advanced to lie just inside the tip of the catheter or sheath,

Figure 4.16 Fluoroscopic landmarks for localizing the fossa ovalis. Left. As described by Inoue,
right atrial injection can be used to locate the upper corner of the tricuspid valve (point A), which is
marked on the TV monitor. Right. Continued filming during the levophase fills the left atrium. A hor-
izontal line is drawn from point A to the back wall of the left atrium, defining point B. That line is
divided in half, and a vertical line is dropped to the floor of the left atrium, defining point C. The
location of the fossa (X) is along this vertical line, approximately one vertebral body height above
point C. When the borders of the left atrium are visible fluoroscopically, the position of a pigtail
catheter in the noncoronary sinus of Valsalva can be substituted for point A, allowing localization of
the ideal puncture site without contrast injection. A similar localization scheme (not shown) has been
proposed in the 40° RAO projection by Croft and associates (reference 57), using the aortic pigtail
and the posterior border of the left atrium. Puncture is made 1 to 3 cm below the midpoint of a line
connecting the posterior wall of the aorta to the back wall of the left atrium.
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as indicated by measurements made by comparing the dis-
tance between the needle flange and the catheter hub to
similar measurements made with a sterile ruler before
insertion (Fig. 4.19). Alternatively, current high-quality flu-
oroscopy can be used to visually monitor advancement of
the needle to the catheter tip.

The superior vena caval pressure should then be recorded
through the needle, with the needle rotated so that the direc-

tion indicator points anteriorly. Under continuous fluoro-
scopic and pressure monitoring, the needle and catheter are
then held in constant relationship as they are withdrawn
slowly, using both hands. The direction indicator is firmly
controlled with the right hand and used to rotate the needle
clockwise during this withdrawal from the superior vena
cava until the arrow is oriented posteromedially (4 o’clock
when looking from below). As the tip of the catheter enters
the right atrium, it moves slightly rightward (toward the
patient’s left). The needle and catheter are maintained in
their posteromedial orientation, and they continue to be
withdrawn slowly. As the catheter tip slips over the bulge of
the ascending aorta, it again moves rightward to overlie the
vertebrae in the anterior projection. Further slow withdrawal
maintaining the 4 o’clock orientation will be associated with
a third rightward movement as the catheter tip “snaps” into
the fossa ovalis. This is confirmed by the fact that advance-
ment will cause the catheter tip to flex slightly (rather than
move back up the atrial septum) if its tip is lodged in the
fossa. Clear fluoroscopic evidence of fossa engagement is
thus essential to successful trans-septal puncture.

If the foramen is patent, the catheter may actually cross
into the left atrium spontaneously at this point, as indicated
by a change in atrial pressure waveform and the ability to
withdraw oxygenated blood from the needle. Otherwise,
the catheter is advanced slightly to flex its tip against the lim-
bus at the superior portion of the foramen ovale. Once the
operator is satisfied with this position, she or he advances
the Brockenbrough needle smartly so that its point emerges

Figure 4.17 Intracardiac echo from within the right atrium
(catheter at the center of the grid) shows the thin foramen ovale
(arrow) and the left atrium clearly. Images during positioning of the
trans-septal needle (not shown) show clear tenting of the foramen
by the needle and reduce the uncertainty regarding correct punc-
ture position.

Figure 4.18 Equipment for trans-septal puncture. The Brocken-
brough needle (far left) and Bing stylet (left) can be used in con-
junction with the traditional Brockenbrough catheter (center) and
Mullins sheath/dilator system (right).

Figure 4.19 The Brockenbrough system with the needle and
stylet inserted into the catheter. Ruler measurement of the
distance from the catheter hub to the needle flange is shown with
the tip of the stylet at the tip of the catheter (position 1) and with
the stylet withdrawn and the needle tip extended to the tip of the
catheter (position 2). (Redrawn from Ross J Jr. Considerations
regarding the technique for trans-septal left heart catheterization.
Circulation 1966;34:391.)



from the tip of the catheter and perforates the atrial sep-
tum. Successful entry into the left atrium should be con-
firmed by both the recording of a left atrial pressure wave-
form and the withdrawal of oxygenated blood or the
demonstration of the typical fluoroscopic appearance of
the left atrium during a contrast puff through the needle.
Once the operator is confident that the needle tip is
across the interatrial septum, the needle and catheter are
advanced as a unit a short distance into the left atrium, tak-
ing care to control their motion so that the protruding nee-
dle does not injure left atrial structures. When the catheter
is across the atrial septum, the needle is withdrawn and the
catheter is double-flushed vigorously and connected to a
manifold for pressure recording.

The main risk during trans-septal catheterization is inad-
vertent puncture of adjacent structures (the aortic root,
coronary sinus, or posterior free wall of the right atrium)
rather than the fossa ovalis. As long as the patient is not
anticoagulated and perforation is limited to the 21-gauge
tip of the Brockenbrough needle (i.e., perforation is recog-
nized and the catheter itself is not advanced), this is usually
benign. However, if the 8F catheter itself is advanced into
the pericardium or aortic root, potentially fatal complica-
tions may occur, underscoring the need for the operator to
monitor closely the location of the trans-septal apparatus
by fluoroscopic, pressure, and oxygen saturation at each
stage of the procedure. Damped pressure waveform during
attempted septal puncture may indicate puncture into the
pericardium or simply incomplete penetration of a thick-
ened interatrial septum. Injection of a small amount of
contrast through the needle can be useful in this case by
staining the atrial septum and allowing confirmation of an
appropriate position in the left anterior oblique (LAO) and
RAO projection before more forceful needle advancement
is attempted. If the initial attempt at trans-septal puncture is
unsuccessful, the operator may wish to repeat the catheter
positioning procedure by removing the trans-septal needle
from the catheter, withdrawing the catheter slightly, and
reinserting the 0.032-inch guidewire into the superior vena
cava. In general, one should never attempt to reposition the
catheter–needle combination in the superior vena cava in
any other way, since perforation of the right atrium or atrial
appendage is a distinct possibility during such maneuvers.

Once the catheter is safely in the left atrium, additional
manipulation may be required to enter the left ventricle. If
the tip of the catheter has entered an inferior pulmonary
vein (as evident by its projection outside the posterior
heart border in the right anterior oblique projection), the
left ventricle can be approached by torquing the catheter
180° in a counterclockwise direction so that its tip moves
anteriorly as it is withdrawn slightly. As the catheter tip
moves anteriorly and downward, further advancement will
usually allow it to cross the mitral valve and enter the left
ventricle. If not, it may be necessary to insert a curved tip
occluder into the catheter through an O-ring side-arm
adapter to tighten the tip curve and facilitate advancement

into the ventricle. By converting the Brockenbrough catheter
from an end- and side-hole device to a side-hole-only
device, the tip occluder also minimizes the chance for left
ventricular staining and perforation during contrast ven-
triculography. However, contrast angiography at 8 to 10 mL/
second for 40 to 50 mL total injection (as with the Sones
catheter) can usually be accomplished safely without a tip
occluder, if desired. Following the completion of hemody-
namic and angiographic evaluation, the Brockenbrough
catheter is withdrawn in the usual manner during continu-
ous pressure recording.

The technique for trans-septal catheterization using the
Mullins sheath (64) is similar, except that care must be
taken to advance both the dilator and the 8F sheath into
the left atrium without injuring the opposite left atrial wall.
Slight counterclockwise rotation and repeated puffs of con-
trast to define location of the catheter tip may be helpful in
this regard. Once the sheath is secure in the left atrium, the
needle and dilator are withdrawn and the sheath is flushed
carefully. Either a specially curved pigtail catheter (in
patients with a normal mitral valve) or a CO2-inflated bal-
loon flotation catheter (in patients with mitral stenosis)
may then be inserted through the sheath and passed into
the left ventricle. The current Mullins sheath designs have a
side-arm connection and back-bleed valve, allowing ongo-
ing measurement of left atrial pressure around the left ven-
tricular catheter. Another recent modification is the use of
radiofrequency ablation rather than the Brockenbrough
needle to pass through the atrial septum (65).

Complications of trans-septal catheterization are gener-
ally infrequent (needle tip perforation �%, tamponade
�1%, and death �0.5%) in experienced hands. This is sup-
ported by experience in 1,279 cases from the Massachusetts
General Hospital (66), 597 cases from Los Angeles (56),
and 500 cases from Taiwan (58). The excellent results in
these large series indicate that the technique for trans-septal
puncture has not been lost (or may even have improved)
since its first wave of popularity in the 1960s and 1970s!
Because serious complications can occur and are signifi-
cantly more common early in an operator’s experience or in
high-risk patients, however, performance of this procedure
should be limited to a few operators at each site who can do
enough annual procedures to perfect their technique. This is
particularly true in patients with distorted anatomy owing to
congenital heart disease, marked left or right atrial enlarge-
ment, significant chest or spine deformity, inability to lie
flat, ongoing anticoagulation, or left atrial thrombus/tumor,
in whom the technique should generally be avoided.

Apical Left Ventricular Puncture

Historically, a variety of direct puncture techniques were used
to enter the cardiac chambers before the introduction of
percutaneous left and right heart catheterization. These
techniques included transbronchial (67) and transthoracic
(68) approaches to the left atrium, the suprasternal puncture
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technique of Radner (69), and apical left ventricular punc-
ture (70,71). Of these, only the last has survived, albeit as an
infrequent (roughly one per year in our laboratory) way to
measure left ventricular pressure in a patient where retro-
grade and trans-septal catheterization of the LV are pre-
cluded by the presence of mechanical aortic and mitral
prostheses.

The site of the apical impulse is located by palpation
and confirmed by fluoroscopy of a hemostatic clamp
placed at the intended puncture site. Alternatively, the true
left ventricular apex can be located using echocardiography
(72) and may be found to lie significantly more lateral
than the palpated apical impulse in patients with right ven-
tricular enlargement. After liberal local anesthesia, an 18-
gauge needle (like that used for internal jugular puncture)
is introduced at the apex and directed along the long axis
of the left ventricle. This is accomplished by aiming the
needle tip roughly toward the back of the right shoulder.
Contact with the left ventricular wall can usually be felt as
a distinct impulse (and the onset of ventricular premature
beats). Sharp advancement of the needle at this point will
cause its tip to enter the left ventricular cavity, with pul-
satile ejection of blood.

In the technique of Semple (71), an outer Teflon
catheter was then advanced over the puncture needle and
into the left ventricle (sometimes out through the aortic
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valve, as well). We, however, have preferred the technique
in which a 0.035-inch 65-cm-long J guidewire is advanced
through the needle and into the left ventricle under fluoro-
scopic guidance. This allows the advancement of a 4F dila-
tor followed by a 4F pigtail catheter to allow pressure mea-
surement and/or left ventricular angiography (Fig. 4.20).

One series describes excellent results of apical puncture
in 102 patients (73), whereas a recent series from the
Massachusetts General Hospital describes excellent results
in 38 patients (74). A variation of apical puncture is a sub-
xiphoid approach through the right ventricle and septum
into the left ventricle (75). Major complications (tampon-
ade or pneumothorax) occur in roughly 3% of patients,
although tamponade is very rare in postoperative patients
(who have adhesive pericardium). Other complications
of apical puncture can include hemothorax, intramyocar-
dial injection, and ventricular fibrillation, as well as pleu-
ritic chest discomfort (approximately 10%) and reflex
hypotension owing to vagal stimulation (approximately
5%). We thus reserve this technique for patients in whom it is
essential to enter the left ventricle and in whom neither retro-
grade nor anterograde (trans-septal) entry of the left ventricle is
feasible.
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5Brachial Cutdown

Approach
Ronald P. Caputoa William Grossman

Although once the dominant technical approach to cardiac
catheterization and angiography, the brachial cutdown (or
Sones) approach has decreased progressively in popularity
over the past 30 years as the percutaneous femoral,
brachial, and radial approaches described in Chapter 4
have risen to dominance. The brachial cutdown approach
is now used in only a few (�10%) cardiac catheterization
procedures, and the skills required for brachial arterial and
venous cutdown and vascular repair are rapidly vanishing
among the invasive cardiology community. Because this
approach may still be of value in occasional patients, this
chapter will summarize the technique as a guide for those
learning to perform it, or as a refresher for those previously
trained in the brachial approach who need to use this tech-
nique in a particular patient. The brachial cutdown
approach, however, should not be used by an inexperi-
enced operator unless backed up by a vascular surgeon or a
cardiologist with expertise in this technique. 

INDICATIONS

The brachial approach may be indicated for patients with
(1) severe peripheral vascular disease, making upper
extremity vascular access preferable; (2) urgent or emergent
cardiac catheterization with an increased risk for bleeding
(owing to chronic oral anticoagulation or recent throm-
bolytic therapy); (3) a need for early ambulation or mobil-
ity (outpatient procedures, severe back pain, and so on).
Many of these situations can also be addressed by percuta-
neous radial artery catheterization (see Chapter 4), but the

brachial cutdown approach can provide the following addi-
tional advantages: (1) the ability to perform concomitant
right heart catheterization in patients with suspected or
known valvular heart disease, congestive heart failure,
intracardiac shunts, and so on; (2) reliable arterial access
with 7 French or greater catheter sizes; and (3) venous
access to allow for foreign body retrieval (from the superior
and inferior vena cava, right ventricle, or pulmonary artery). 

Relative contraindications to brachial artery cutdown
are few. They include absence of a brachial pulse, presence
of an arteriovenous fistula, overlying soft tissue infection,
severe ipsilateral axillary or subclavian vascular disease,
and inability to extend the arm at the elbow or supinate
the hand.

PREPROCEDURE EVALUATION

Proper preprocedure patient evaluation is critical for a suc-
cessful brachial catheterization. Inspection and identifica-
tion of the antecubital folds, biceps tendon, and medial
and lateral epicondyles of the humerus takes only a few
seconds but is essential. This inspection should be per-
formed with the patient’s arm extended and the hand
supinated to assess for the ability to position the arm
properly for the procedure. The general location for arter-
ial cutdown will be approximated 2 to 3 cm above the
antecubital skin folds, slightly superior to the level of the
humeral epicondyles, and medial to the biceps tendon. A
cutdown below this level is not recommended because the
artery subsequently courses under the biceps tendons and
bifurcates. A cutdown performed above this level is feasible,
but may be awkward owing to the medial course of the
artery. 

a The contributions of Alessandro Giambartolomei and Paolo Esente
to this chapter in the prior edition are gratefully acknowledged.



The brachial pulses should be carefully palpated bilater-
ally. A weak unilateral pulse usually indicates proximal vas-
cular occlusive disease. Auscultation should be performed
over the brachial, axillary, and subclavian areas to assess
for bruits. A diminished pulse and/or bruits should lead
the operator to anticipate proximal vascular occlusive dis-
ease and plan accordingly with consideration for a con-
tralateral procedure, femoral access, or the use of soft and
steerable guidewires. If a prior cutdown has been per-
formed, the brachial pulse should be assessed 1 to 2 cm
from the scar (to avoid the need to dissect through scar tis-
sue with potential adhesions to the pervious arteriotomy
site), with the new cutdown preferably performed proxi-
mally to the previous one.

INCISION, ISOLATION OF VESSELS, 
AND CATHETER INSERTION

With the direct brachial approach, a single cutdown is
made in the right antecubital fossa, through which both

the brachial artery and vein can be isolated and used to
perform left and right heart catheterization, respectively.
With the arm fully extended flat on the armboard and the
hand supinated, the brachial artery (Fig. 5.1) is identified
by palpation and local anesthesia is induced in the overly-
ing soft tissues using 1 to 2% lidocaine. This is first injected
intradermally through a short 25- or 27-gauge needle to
raise a bleb and then deeper using a long (1 1/2-inch)
22-gauge needle to infiltrate the subcutaneous, deep fascial,
and periosteal tissues. Liberal amounts of 2% lidocaine are
injected, 5 to 15 mL initially. During the course of the pro-
cedure, an additional four 4-mL aliquots of lidocaine may
be applied topically within the incision. If anesthesia is
achieved properly, the catheter insertion site ought to be
virtually painless throughout the procedure.

Prior to starting the procedure, the proper instruments
should be on hand, including the following: a no. 15 blade
with handle, a no. 11 blade without a handle (or with a
short handle) for improved control during arteriotomy,
two or three curved hemostats, two straight hemostats, one
self-retaining retractor, two soft tissue retractors, one small
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Figure 5.1 Anatomy of antecubital fossa illustrating
course of the brachial artery. The artery is best sought at
or slightly above the antecubital skin crease, medial to
the bicipital aponeurosis. Care must be taken not to dis-
turb the median nerve, which usually lies medial to the
brachial artery. (From Clemente, C. Gray’s Anatomy of
the Human Body, 30th American ed. Philadelphia: Lea &
Febiger, 1985.)

Figure 5.2 Instruments used for brachial cutdown: two
Halstead curved 5-inch mosquito hemostats, one Halstead
straight mosquito 5-inch hemostat, one thumb dressing
6-inch forceps without teeth, one straight iris forceps
without teeth, one short-handled scalpel (no. 11 blade),
one long-handled scalpel (no. 15 blade), one Grieshaber
wire self-retaining retractor, two Davis double-end soft
tissue retractors, one straight 4-inch iris scissors, and one
Halsey 5-inch needle holder. All except scalpels are from
Pilling Instruments, Washington, PA.



scissors, one needle holder, one toothless forceps, one
small forceps, two segments of umbilical tape or vascular
loops, 6.0 Prolene suture on a 3/8-inch needle, 3–0
absorbable suture with a curved needle, silk or chromic
ties, and a vein lifter. These items are sufficient for almost
all cases (Fig. 5.2).

A transverse incision is made with a no. 15 surgical blade
just proximal to (i.e., approximately 2 cm above) the flexor
crease. If right and left heart catheterization is contem-
plated, the incision is wide and made over the palpable
brachial artery; if a right heart study alone is planned, the
incision is narrow and made directly over a previously
identified medial vein. Even large veins of the lateral ante-
cubital fossae usually drain into the cephalic system,
through which it may be difficult to navigate the catheter
into the right atrium, whereas the medial veins drain into

either the basilic or brachial venous systems (which join
the axillary vein by direct continuation and thus provide
the easiest routes to the superior vena cava and right
atrium [Fig. 5.3]).

The operator performs blunt dissection through the
subcutaneous fat with a curved hemostat, simultaneously
performing lateral retraction, while the assistant retracts
medially. As the handheld retractors are applied to the lat-
eral ends of the incision, the self-retaining retractor is
applied superoinferiorly. This provides optimal exposure,
particularly when substantial amounts of adipose tissue
are present. After the fascia overlying the brachial artery is
exposed, the artery is palpated again and blunt dissection
through the fascia is then performed immediately overly-
ing or lateral to the artery. This further decreases the chance
for median nerve injury. When the artery is partially
exposed, dissection is continued to separate the artery
from adjacent veins and other structures. 

At this point, the artery is easily recognized by its pulsa-
tion and characteristic silvery-white color. Veins, in con-
trast, are nonpulsatile, much darker in color, and usually of
smaller caliber. The median nerve is yellowish with a
slightly corrugated surface, and should not be further
manipulated! A few patients have an accessory brachial
artery, which is smaller and usually not suitable for
catheterization. This vessel has a more superficial course
and generally is not surrounded by veins, but deeper pal-
pation will often reveal the location of the true brachial
artery. The tissues are separated by blunt dissection with a
curved Kelly forceps, and an appropriate vein is brought to
the surface, separated from adjacent nerves and fascia, and
tagged proximally and distally with a loop of 3–0 or 4–0
silk suture material. The brachial artery is similarly brought
to the surface with a curved Kelly forceps, isolated from
adjacent nerves, veins, and fascia, and tagged proximally
and distally with moistened umbilical tape or silicone elas-
tomer surgical tape (Retract-o-tape, Med-Pro Division,
Quest Medical, Dallas, TX; Fig. 5.4).
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Figure 5.3 Venous anatomy of the arm. Brachial and basilic
veins are medial to the cephalic vein within the antecubital fossa.
Note that the brachial and basilic veins continue directly into the
axillary and subclavian system, whereas the cephalic system fre-
quently joins the subclavian vein at a right angle. Passage of a
catheter from the cephalic system to the right atrium may thus be
quite difficult; the medial veins provide the straightest pathway.

Figure 5.4 Isolation of the brachial artery. The incision is
held open superoinferiorly by the self-retractor and later-
ally by the manual retractors while a curved hemostat is
manipulated underneath the artery.
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Figure 5.5 Isolating and securing the brachial artery
and adjacent vein. The brachial artery is secured superiorly
and inferiorly with moistened umbilical tapes fixed with
curved hemostats. The isolated segment of vein is secured
in similar fashion with 4–0 suture.

Figure 5.6 Insertion of an 8F Sones I catheter (Cordis
Corp., Miami, FL) into the brachial artery during gentle
retraction exerted by the thumb and index finger on
umbilical tapes to control bleeding. A 7F balloon-tipped
Swan-Ganz catheter has already been placed into the
adjacent vein.

After isolating the brachial artery and basilic or brachial
vein, an appropriate right heart catheter is selected and
flushed. A 1- to 2-mm longitudinal incision is made in the
vein with a no. 11 blade, and the catheter is introduced
with the aid of either curved tissue forceps or a small plas-
tic catheter introducer. Alternatively, the vein may be
placed over a bridge formed by straight forceps to enable
better control and to diminish oozing during passage of
the catheter. Once the catheter has been introduced and
passed a short distance, blood is aspirated, and the catheter
is again flushed with heparinized solution. The catheter
may then be connected either directly or by means of flexi-
ble plastic tubing to the side port of a manifold with an
appropriate pressure transducer (see Chapter 7).

After passage of the right heart catheter (discussed
below), the brachial artery is cleaned and positioned by
applying gentle pressure on the hemostats or umbilical
tapes using thumb and index finger to stretch the artery
longitudinally (Fig. 5.5). This maneuver is critical because
it allows for arterial positioning, stabilization, and (with

adequate tension) excellent hemostatic control. Most
operators incise it transversely by making a small (2-mm)
nick in its anterior surface with a no. 11 surgical blade.
Others favor a longitudinal arteriotomy with the no. 11 sur-
gical blade held at a 30	 angle to the artery and the sharp
edge facing upward (toward the ceiling) to minimize risk
of injury to the posterior wall. The longitudinal direction
requires a more cautious repair to avoid narrowing the
lumen.

An appropriately selected left heart catheter (see the
following section) is flushed. Tapered tip catheters, such
as the Sones or multipurpose, can be inserted without a
sheath (Fig. 5.6), but a sheath may be preferable when
multiple catheter exchanges are planned or when
catheters with a nontapered tip, such as guiding catheters
for percutaneous coronary interventions, are used. To
minimize the risk for arterial dissection during insertion
of a relatively rigid arterial sheath, it should be intro-
duced over a wire and carefully aspirated and flushed
after insertion. 



Many laboratories administer heparin solution (e.g., 50
units per kg) to help prevent thromboembolic events to
the hand. This can be given into the distal brachial artery,
central aorta, or intravenously.

Catheter Selection

Right Heart Catheters

When right heart catheterization is being performed only
for measurement of right atrial, right ventricular, pul-
monary artery, and pulmonary capillary wedge pressures,
any of the end-hole catheters is adequate. Classic woven
Dacron right heart catheters (e.g., Goodale-Lubin and
Cournand, Fig. 5.7) have now been replaced by flow-
directed balloon flotation catheters. Passage of the right
heart catheter may occasionally produce transient right
bundle branch block. Should this occur in a patient with
pre-existing left bundle branch block, bilateral or complete
heart block will develop and may require emergency ven-
tricular pacing. If right-sided angiography is planned, a
closed-end catheter with multiple side holes can be used
(see Chapter 13).

Left Heart Catheters

When the direct brachial approach is used, potential
catheters include both open-end and closed-end multiple-

side-hole designs (used for left ventricular pressure mea-
surement and angiography). The classic Sones B or a multi-
purpose catheter can also be used for most coronary and
left ventriculographic purposes, although they tend to
recoil at injection rates greater than 8 mL/second and have
to be positioned carefully within the left ventricle to avoid
myocardial staining. Pigtail catheters (7 or 8 French)
should be used whenever contrast flows greater than 10
mL/second are needed. 

Coronary angiography can usually be completed with
the Sones catheter. Alternatively, Castillo 1, 2, or 3 type
curves are available (Cordis Corp, Miami, FL) and are very
useful for angiography of coronary artery bypass grafts,
coronary engagement in patients with large aortic roots,
and in situations where more forceful torque must be
applied (see below). The Sones A type curve is also useful
for patients with a high takeoff of the left coronary artery.
Multipurpose type I and type II catheters have applications
generally similar to the Sones. From the right brachial
approach, the femoral mammary catheter is adequate for
angiography of the right internal mammary artery, whereas
the brachial mammary catheter is required for angiography
of the left internal mammary (see below).

ADVANCING THE RIGHT 
HEART CATHETER

Both right and left heart catheters should be advanced as
soon as possible after introduction into the vascular sys-
tem, because letting them sit in the bloodstream at body
temperature may result in loss of catheter stiffness and also
diminishes catheter control. The right heart catheter is
advanced under fluoroscopic control to the superior vena
cava. If a balloon-tip catheter is used, advancement is gen-
erally straightforward. The description below applies to use
of a nonballoon woven Dacron catheter and is presented
because the technique may be useful for maneuvering
other stiff catheters through the right heart. 

If there is difficulty entering the superior vena cava, it is
sometimes helpful to try the following maneuvers: Have
the patient take a deep breath; raise the right arm and
shoulder toward the head (ask the patient to shrug his or
her right shoulder); turn the patient’s head to the extreme
left; remove the patient’s pillow. On occasion, a guidewire
may be helpful in passing from the subclavian vein into
the superior vena cava. Arterial or venous spasm may
develop and inhibit catheter movement. It may resolve if
the catheter is withdrawn by a distance of 10 to 20 cm, and
the same cocktail of intravenous nitroglycerine and dilti-
azem may be administered as used in radial artery catheter-
ization. However, intravenous papaverine (30 to 60 mg) is
often more efficacious (note, it should never be given
intra-arterially because of intense local pain). Persisting in
attempts to advance or manipulate the catheter in the pres-
ence of spasm produces pain, vagal reactions, and
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Figure 5.7 Useful traditional catheters for right and left heart
catheterization. Left. The Goodale-Lubin catheter has an end-hole
and two side-holes and is ideal for right heart catheterization,
including measurement of pulmonary capillary wedge pressure.
Right. The polyurethane Sones catheter tapers to a 5F tip with an
end-hole and four side-holes; it is useful for coronary angiography
and for left ventriculography (at low flow rates).



hypotension, and may convert a minor problem into a
large one.

When the catheter tip has been advanced to the superior
vena cava (SVC), the operator should draw a blood sample
for oximetry. If the SVC blood oxygen saturation is sub-
stantially lower than the pulmonary artery oxygen satura-
tion, a full oximetry run should be done (Chapter 9). To
pass from the right atrium to right ventricle and pul-
monary artery with a nonballoon catheter, a J loop tech-
nique should be tried first. The catheter is advanced so that
its tip catches on the lateral right atrial wall and the
catheter looks like the letter J on fluoroscopy (Fig. 5.8).
Next, the catheter is rotated counterclockwise so that the
tip of the J sweeps the anterior right atrial wall (thus avoid-

ing the coronary sinus, whose ostium lies posterior to the
tricuspid valve) and jumps across the tricuspid valve into
the right ventricle. Because the catheter usually still retains
its J curve, its tip will now be pointing toward the right
ventricular outflow tract and can easily be advanced into
the pulmonary artery. Right ventricular pressure may be
recorded during the transit or subsequently during the
catheter pullback. It should never, however, be advanced
against resistance, since perforation of the right ventricular
outflow tract can occur.

The catheter is then advanced to the “wedge” position
by having the patient take a deep breath and hold it while
the catheter is advanced until its tip will go no farther and
ceases to pulsate with the heart. Having the patient cough
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Figure 5.8 Advancing the right heart catheter. In navigating from right atrium to pulmonary
artery, the J loop technique should be tried first. Top left. The catheter is advanced so that its tip
catches on the lateral right atrial wall and forms the letter J. Top right. It is then rotated counter-
clockwise so that the catheter tip sweeps the anterior right atrial wall (thus avoiding the coronary
sinus) and jumps across the tricuspid valve into the right ventricle. Bottom left. The catheter tip,
pointing toward the right ventricular outflow tract, can be easily advanced into the pulmonary
artery. Bottom right. The patient takes a deep breath, and the catheter is advanced to the “wedge”
position (see text).



at this time will frequently advance the catheter tip into a
true wedge position. The pressure waveform is examined,
and if it has the appearance of a true wedge pressure, it is
recorded. If there is any doubt that a true wedge position
has been achieved, blood is sampled from the catheter. The
pressure is confirmed as a true wedge pressure only if
blood that is completely (�95) saturated with oxygen can
be aspirated gently from the catheter (1). In patients who
are hypoxemic, a wedge blood oxygen saturation of 90%
or more may be accepted, especially if the oxygen satura-
tion of pulmonary artery blood is much lower (e.g., �70).
When mitral stenosis is not expected to be present, the
wedge pressure may be confirmed simply by observing its
typical waveform and its match against the simultaneously
recorded left ventricular diastolic pressure. After measuring
(and possibly confirming) the wedge pressure, the right
heart catheter is withdrawn into the pulmonary artery.

If a Swan-Ganz catheter is used to obtain pulmonary
capillary wedge pressure, it is often necessary to aspirate
and discard the 5 to 15 mL of pulmonary artery blood
that lie between the balloon and the pulmonary capillary
bed before bright red pulmonary capillary blood can be
sampled.

ADVANCING THE LEFT 
HEART CATHETER

After the right heart catheter has been advanced to the pul-
monary artery or wedge position, an appropriately selected
left heart catheter is inserted into the brachial artery as
described previously. This catheter is then advanced into
the ascending aorta just above the aortic valve. Although
the Sones and multipurpose shapes can sometimes be
advanced gently without a guidewire, advancement over a
J-tipped guidewire is safer in the presence of subclavian
disease or tortuosity. Passage may be aided by deep and
held inspiration while lifting the chin and rotating the
head leftward and over the left shoulder, but severe tortu-
osity may then impair catheter control once the aortic root
has been reached. 

Once the catheter is in the ascending aorta, central aor-
tic pressure is measured and recorded. The catheter is then
advanced across the aortic valve into the left ventricle by
probing the valve with small to-and-fro excursions while
gradually rotating the catheter through 360° so that the
catheter tip moves up and down on the aortic valve over its
entire plane. The soft-tipped Cordis polyurethane Sones
catheter may be advanced directly (tip first) into the left
ventricle, or it may be prolapsed across the aortic valve,
loop first, as illustrated in Fig. 5.9. In severe aortic stenosis,
the Sones catheter usually crosses tip first, but can be aided
by insertion of a 0.035-inch straight guidewire (see
Chapter 4). Success in crossing a tight aortic valve some-
times depends on the combination of experience, luck,
and sheer determination.

Once in the left ventricle, the full baseline hemodynamic
measurements are made, including simultaneous pul-
monary capillary wedge and left ventricular pressure record-
ing. If a right heart catheterization was not performed, a
special-purpose left heart catheter developed by Dr. Earl
Shirey can be used for retrograde catheterization of the left
atrium from the left ventricle. It can be prolapsed loop first
into the left ventricle so that its tip faces the aortic and
mitral valves (Fig. 5.10) rather than the left ventricular apex.
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Figure 5.9 Technique for retrograde catheterization of the left
ventricle using the Sones catheter. The catheter is advanced (top
left) to touch the aortic valve. Further advancement usually pro-
duces a loop (top right) in the ascending aorta, which prolapses
readily (bottom left) into the left ventricle. The catheter is then with-
drawn (bottom right) to eliminate the loop and obtain a proper
axial orientation for left ventriculography.

Figure 5.10 Retrograde catheterization of the left atrium using
the Shirey catheter. It can be prolapsed loop-first into the left ven-
tricle (top left) so that its tip faces the aortic and mitral valves (top
right) rather than the left ventricular apex. Withdrawal of the
redundant loop frequently guides the catheter tip into the left
atrium (bottom).



Withdrawal of the redundant loop frequently guides the
catheter tip into the left atrium.

After completion of hemodynamic and cardiac output
measurements (Chapter 8), most cardiac catheterization
procedures today proceed to left ventriculography and
coronary angiography. The details of these techniques as
applied to both brachial and femoral approaches will be
discussed in Chapters 11 and 12, but some special brachial
techniques are described below.

SPECIAL TECHNIQUES 

Coronary Bypass Grafts

Aortocoronary vein grafts have a high takeoff compared
with coronary arteries; therefore, a longer-curve Sones or
multipurpose catheter (such as a Sones A or MP 2) is
preferable. Engagement techniques are similar to those
used with native coronary arteries. When proximal vessel
tortuosity limits maneuverability, when the aorta is
dilated, and when the graft ostia are outside their usual
locations, a preshaped catheter such as the Castillo or
Amplatz type 2 or 3 curve is preferable.

Internal Mammary Arteries

The mammary arteries usually originate from the subcla-
vian arteries with inferior takeoffs opposite to the origin of
the vertebral arteries. Although the internal mammary
artery is best engaged from an ipsilateral brachial approach
using preformed femoral catheters, it is usually possible to
engage the left mammary from the right brachial approach
using one of two techniques. An Amplatz catheter (gener-
ally an AR 2 or AL 0.75) can be advanced to the aortic arch
and engaged into the left subclavian artery through clock-
wise rotation. An exchange length wire is passed through
this catheter into the subclavian artery and used to
exchange the Amplatz for a femoral mammary catheter.

Anomalous Coronary Takeoff

Preshaped catheters with Castillo or Amplatz curves are
preferable for anomalous origins not easily reached with
the Sones or multipurpose curves. Some catheter recom-
mendations for specific situations include the following:

1. Right coronary artery with inferior takeoff or horizontal
heart—AR 2, Castillo 1

2. Right coronary artery with anterior takeoff—Castillo 1
or 2

3. Left coronary artery with a high takeoff—Castillo 3,
Sones A, MP 1 

4. Left circumflex coronary originating from the right
coronary—AR 2, Castillo 1, if the Sones catheter over-
shoots the origin of the circumflex that is very proximal
or is immediately adjacent to the right coronary ostium 

5. Right coronary artery with anomalous takeoff from the
left sinus of Valsalva or left coronary artery arising from
the right sinus of Valsalva—Castillo 2 or 3 to “scan” the
aortic wall seeking the ostium

Percutaneous Coronary Interventions

A sheath should always be inserted into the brachial artery
for these procedures, as guiding catheters are nontapered
and difficult to insert without causing arterial trauma. The
sheath can be secured to the skin with a suture or by wrap-
ping the umbilical tape loops around the hub. This helps
to stabilize the sheath during catheter manipulations.
Guiding catheters must always be inserted over a wire
because of their reduced flexibility and sharp edges. The 6F
or 7F catheter sizes are often useful for PTCA and stenting
(see Chapters 22 and 24). Because of the size of the
brachial artery, 8F catheters may be used for rotational
atherectomy, kissing balloons, large profile stents, or when
extra support is needed. Visual assessment of brachial
artery size will allow the operator to assess its suitability for
the 10F catheter often required for directional coronary
atherectomy.

The following guiding catheter shapes are suggested for
the brachial approach.

Right Coronary. The secondary curve of guiding catheters
advanced from the right brachial position necessarily lies
against the left wall of the aorta yielding superior backup
support when compared with catheters advanced from the
femoral position. Therefore, we often prefer the right
brachial approach in cases of severe right coronary tortuos-
ity, calcification, and so on. The hockey stick design is usu-
ally optimal; however, in patients with a small aorta, an AR
2 may be needed. When deep seating of the catheter is
required, the AL 0.75 type 1 or 2 curve is useful.

Left Coronary. Amplatz shapes AL 0.75 through AL 3 are
excellent, especially when engaging a left main coronary
with a superior takeoff or when approaching a left anterior
descending coronary with superior angulation. Other use-
ful curves include the JCL or Q, Voda or XB, and Kimny
(6 French). From the left brachial approach, standard
femoral guiding catheter shapes can be used. 

Bypass Grafts. Amplatz 1, 2, and 3, hockey stick and mul-
tipurpose shapes are usually adequate.

REPAIR OF VESSELS AND AFTERCARE

After the completion of diagnostic studies, the left heart
catheter is removed and the brachial arteriotomy is repaired.
Repair may be done in many ways (purse string, inter-
rupted, continuous sutures). Prior to initiation arterial
repair release, pressure on the proximal loop is released
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briefly to allow generous antegrade bleeding and flush out
thrombi that may have formed around the catheter. The
proximal bleeding is then controlled, and pressure on the
distal umbilical tape is released to allow for retrograde
(collateral-fed) bleeding to ensure patency of the distal
artery. If there is brisk back-bleeding, no further maneuvers
are indicated and arterial closure can commence. If no
back-bleeding is present, the area overlying the radial and
distal brachial artery should be manually “milked” or mas-
saged in distal to proximal fashion to dislodge and remove
any thromboemboli. If there is still no retrograde flow, a
Sones or multipurpose catheter can be inserted distally
through the arteriotomy, carefully advanced until resistance
is met, and then slowly withdrawn while gentle suction is
applied to its lumen with a syringe. If these maneuvers fail
to restore back-bleeding, a Fogarty embolectomy procedure
is then warranted. Dr. Grossman has traditionally favored
routine use of a Fogarty arterial embolectomy catheter
(Arterial embolectomy catheter; 3F, 40 cm, Shiley
Laboratories, Irvine, CA) is used (11).

A common approach to arteriotomy repair calls for sta-
bilization of the vessel by applying pressure with the
umbilical tapes or placing a large forceps transversely
beneath the artery. A stay suture is placed approximately 1
mm above the proximal end of the arteriotomy, and a con-
tinuous lock-stitch is created with sutures evenly spaced at
0.5-mm intervals (Fig. 5.11). The lock-stitch is closed with
a second stay suture located 1 to 2 mm distal to the inci-
sion (Fig. 5.12). Minor bleeding around the sutures can
often be controlled with gentle manual pressure and/or
temporary application of a small Gelfoam pad. Once the
assistant has confirmed the presence of an adequate radial
pulse, the skin and subcutaneous tissues are closed using
absorbable suture material and the subcutaneous tech-
nique. Two or three 1/4-inch Steri-strips are then applied
in transverse fashion across the incision. A small Telfa pad
coated with an antibacterial ointment is applied directly
over the site and covered with a small stack of 4 � 4 gauze
pads that are then wrapped in firm fashion with a 3-inch-
wide Ace bandage.
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Figure 5.11 Suture repair of the brachial arteriotomy.
The artery is stabilized by placing a large forceps under-
neath in transverse orientation. A stay suture has been
placed above the superior margin of the longitudinal inci-
sion. Lock-stitch running sutures will be placed beyond
the inferior margin of the incision to close the arteriotomy.

Figure 5.12 Completed repair of a brachial arteriotomy.



Dr. Grossman has favored administration of 10 to 15
mL of a concentrated solution of heparinized saline (3,000
IU of heparin in 30 mL normal saline) into the proximal
and distal artery through the Sones catheter, locking this
into the vessel by application of a vascular bulldog-type
clamp (DeBakey peripheral vascular bulldog clamps with
45 to 60° angled jaws, V. Mueller, Chicago, IL) as far above
and below the arteriotomy as possible (Fig. 5.13). He then
placed a stay suture at each end of the arteriotomy and
closed it with a continuous or running stitch of fine non-
wettable suture material such as 6–0 Tevdek (Tevdek,
Deknatel Company, Queens Village, NY). The stay suture
at one end of the incision is the start of the running stitch,
and the stitch is completed by tying to the other stay
suture. The advantage of a continuous suture is that it tight-
ens as the artery expands after the clamps are removed.

After suturing the artery, he removed the distal bulldog
clamp first and then massaged the forearm gently from the

wrist toward the elbow to milk out any air within the
lumen of the artery before releasing the proximal bulldog
clamp. The proximal clamp was then removed, and any
minor leaks were controlled by direct finger pressure while
ensuring that the radial pulse could be palpated. If leaking
did not stop within a few minutes of such finger pressure,
an additional suture or two was required. In this proce-
dure, if the radial pulse is not palpable and essentially of
the same amplitude as before the arteriotomy, the artery
may be reopened and a Fogarty catheter again passed
proximally and distally. When unsuccessful, prompt con-
sultation should be obtained with an experienced vascular
surgeon who usually will be able to identify and correct the
problem. After repairing the arteriotomy successfully, the
vein used in the right heart catheterization may be tied off or
repaired (a purse string repair is usually adequate), followed
by flushing the wound with copious quantities of fresh
sterile saline solution followed by 10% povidone-iodine
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Figure 5.13 Dr. Grossman’s preferred method for vessel isolation and repair. A. The brachial
artery and vein have been isolated. Both are tagged proximally and distally, the artery with moist
umbilical or silicone-elastomer tape, the vein with 3–0 silk. The vein has been placed over a bridge
formed by a straight forceps to enable better control. B. The vein has been incised with a small scis-
sors, and the catheter is about to be inserted with the aid of a plastic catheter introducer. C. Passage
of the right heart catheter. D. Incision of the brachial artery with a no. 11 surgical blade. The cutting
edge of the blade is facing upward, and the point approaches the artery from the side and at an
angle of 10 to 20° to the horizontal to avoid perforating the posterior wall. E. Passage of the left
heart catheter. F. In preparation for arterial repair, concentrated heparinized saline solution is locked
in the vessel by placing bulldog clamps as far above and below the arteriotomy as possible (see
text). G. Closure of the arteriotomy by continuous or running stitch. Stay sutures are placed at each
end of the arteriotomy (see text).



solution (Pharmadine, Sherwood Pharmaceutical, Mahwah,
NJ). The skin is closed using a subcuticular stitch of an
absorbable suture (4–0 Dexon Plus, Davis and Geck, Inc.,
Manati, Puerto Rico, on a cutting needle), thereby avoid-
ing the need for suture removal. Antibiotic ointment is
placed on the suture line and covered with a firm dress-
ing (although not so firm that it diminishes the radial
pulse).

During the postprocedure period, blood pressure mea-
surements should not be performed on the arm for
24 hours. Distal pulses, sensation, motor function, and
local bleeding should be assessed, without unwrapping the
Ace bandage. The Ace bandage is first released 2 hours fol-
lowing the procedure to reassess the surgical site and then
rewrapped firmly but comfortably for 48 hours. The inci-
sion should be kept dry for at least 3 days, with the Steri-
Strips removed in one week.

TROUBLESHOOTING

Loss of Radial Pulse

The most frequent causes of an absent or diminished radial
pulse following a brachial procedure are the following:
thrombosis at the arteriotomy site, embolization to the
radial artery, dissection at the arteriotomy site, inappropri-
ate suturing, and spasm. If arterial spasm was not a factor
during catheter manipulation, it is unlikely to develop
after arteriotomy repair and, therefore, should not be
assumed to be responsible for a poor radial pulse. When
the radial pulse is absent, the artery should be reisolated
and secured with umbilical tapes and curved hemostats.
The arteriotomy sutures are then carefully removed and
antegrade and retrograde bleeding reassessed. If proximal
and distal blood flows are normal, a problem with the ini-
tial arterial closure should be suspected (e.g., suturing
through the posterior wall of the artery, creation of a signif-
icant cross-sectional narrowing of the arterial lumen, and
so on). The arteriotomy should then be carefully resutured
to avoid such problems. 

If blood flow remains diminished from either direction,
further massaging or milking of the artery is performed, as
described previously, to dislodge and flush out any
thrombi. The arteriotomy can be inspected proximally and
distally to assess for a dissection flap by inserting a small
forceps. If a dissection is evident, the true arterial lumen
should be located with the small forceps and a soft tipped
catheter (Sones) carefully inserted a short distance to act as
a stent to appose all layers of the arterial wall. While the
catheter is in place, two or three interrupted sutures are
used to bind the layers of the arterial wall together, and the
arteriotomy is then repaired. When dissection is not evi-
dent, the catheter aspiration maneuver described earlier
should be performed before resorting to passage of a no. 3
Fogarty catheter. Following embolectomy, the arteriotomy

is resutured, slightly extending the length and depth of the
suture line in order to tack down any intimal disruptions
(flaps). If the radial pulse is re-established but diminished,
this may be due to arterial spasm. Administration of oral
nifedipine (10 mg) or intravenous papaverine (30 mg) is
frequently beneficial, but prompt consultation with a vas-
cular surgeon is imperative if a radial pulse is not re-
established, particularly if signs of neurovascular compro-
mise are present.

Hand Numbness

Hand numbness may result from impaired circulation or
median nerve compromise. If the brachial dressing is not
overly tight and the radial pulse is palpable, the cause of
numbness is unlikely to be circulatory. Severe median
nerve injury during cutdown is usually apparent immedi-
ately as the patient experiences a striking and characteristic
discomfort (electric shock sensation). The most common
cause of later median nerve injury is compression induced
by hematoma formation following skin closure. This usu-
ally develops gradually over the course of several hours
postprocedure and should be evacuated promptly to avoid
potentially irreversible damage from long-standing median
nerve compression.
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6Diagnostic

Catheterization in

Childhood and Adult Congenital

Heart Disease 
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Although congenital heart disease is generally the province
of pediatric cardiologists or adult cardiologists with addi-
tional training in congenital heart disease, previously
unrecognized or surgically corrected congenital defects are
sometimes encountered in the course of adult cardiac
catheterization. In addition, some defects such as patent
foramen ovale are common, have been implicated in the
causation of stroke owing to paradoxic embolization, and
may become a target for catheter-based intervention based
on the several closure devices now in clinical trials.
Although this field cannot be covered comprehensively in
a text such as this one, this chapter on diagnostic tech-
niques, Chapter 27 on interventional techniques, and
Chapter 33 on profiles in congenital heart disease should
offer a basic overview of the current range of diagnostic
and therapeutic procedures and access to some of the key
current literature. Anyone wishing further training in this
field is urged to partner with experienced pediatric or adult
congenital cardiologists in the institution or region.

Like other areas of valvular heart disease and ventricular
function, progressive advances in noninvasive anatomic
and physiologic imaging modalities have provided gener-
ally accurate pictures of congenital heart disease. However,
precise catheter-based definition of anatomy and physiol-
ogy remains invaluable in the primary and adjunctive

management of many pediatric and older patients with
congenital heart disease. In particular, catheterization in
this challenging patient group improves the definition of:

1. The varying and sometimes unique anatomy and associ-
ated physiologic consequences of natural (unoperated)
and postoperated defects (Table 6.1)

2. The inter-relationship and codependency of the pul-
monary (ventricle/vasculature/parenchymal) and the
systemic circulation in these defects 

3. The correlation between anatomic defects and physio-
logic function 

4. Precise angiographic resolution of small (�2 to 3 mm)
or tortuous structures, and accurate definition of multi-
ple entry or exit sites or connections (1)

5. The increasing interaction of congenital defects with
premature acquired disease (hypertension, reduced left
ventricular compliance, neuro-hormonal responses (2)

In past decades, most patients with congenital heart dis-
ease presented with one of several classes of “simple”
anatomy or physiology. These included obstructions (pul-
monary�aortic stenosis [PS�AS], aortic coarctation [CoA]),
and intravascular shunts (atrial�ventricular septal defects
[ASD�VSD], patent ductus arteriosus [PDA]). At present,
most surviving patients have increasingly complex
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anatomy and physiology (3), in part owing to the fact that
�60% of adult congenital heart disease (ACHD) patients
have had at least one surgery in childhood (approximately
half with a reoperation during adulthood). A complete
review of every aspect of each individual’s “natural” and
prior operated history (Table 6.2), with particular attention
to the specifics of each intervention, is required prior to
embarking on any catheter-based investigation (Table 6.3).
This should be coupled with a full understanding of poten-
tial anatomic and physiologic variations and sequelae, as
well as preparation for selecting and performing an addi-

tional intervention, as needed. As in patients with acquired
heart disease, a detailed preprocedural investigational plan,
with attention to adequately trained support staff, avail-
able equipment, trained operators, and adequate pre pro-
cedural and postprocedural monitoring, is required.

GENERAL PRINCIPLES IN THE
CATHETERIZATION OF PATIENTS 
WITH CONGENITAL HEART DISEASE

Vascular Access/Vessel and Chamber Entry

Although usually femoral or jugular arterial and venous
access can be used in larger children and adults (see
Chapter 4), special access routes are usually required in
neonates and infants. Options for vascular access vary
depending on body habitus, vessel patency, and the area to
be accessed. Patient size, chamber dilation, and vessel dis-
tortion present additional technical challenges, which can
usually be overcome by an experienced operator. 

Umbilical Vessels

Umbilical vessels have decreasing patency over the first 72
postnatal hours, but their use allows sparing of other vessels.

CONFOUNDING PHYSIOLOGIC
ABNORMALITIES IN PATIENTS WITH
CONGENITAL HEART DISEASE

TABLE 6.1

Abnormalities in atrial, or preventricular, transport
Alterations in pulmonary blood flow (quantity, pulsatility, resistance)
Variations in pulmonary capacitance (conduit vessels)
Shunt-, obstruction-, or impedance-related changes in ventricular

loading conditions
Myocardial-pericardial interaction 
Abnormalities of electrical conduction

Name Typical Lesion Application Surgical Connection 

Glenn (classic) Single ventricle/TA SVC to (right) pulmonary artery End to end
(bidirectional) Single ventricle/TA SVC to R/MPA End to side

Fontan (atriopulmonary) Single ventricle/TA Atrial appendage to RV or PA
(cavopulmonary) IVC-SVC intracardiac or extracardiac 

baffle to PAs
Waterston TOF/DORV/pulmonary atresia Ascending aorta to RPA Side to side
Pott TOF/DORV/pulmonary atresia Descending aorta to LPA Side to side
Blalock-Taussig (classic) TOF/DORV/pulmonary atresia Subclavian artery to branch PA End to side

(modified) TOF/DORV/pulmonary atresia Conduit from subclavian artery to Side to side
branch PA

Mustard/Senning TGA Baffle directing SVC-IVC flow to End to end
(atrial switch) subpulmonary LV, pulmonary venous 

flow to subsystemic RV 
Arterial switch TGA Translocation of more-posterior MPA to 

anterior supra-LV position, more-anterior 
aorta to posterior supra-PA position, 
coronary arterial reimplantation 

Rastelli TGA/TOF Conduit between subpulmonary ventricle 
and PA

Norwood HLHS Translocation of proximal MPA to supra-LV 
position, end-to-side anastomosis of distal 
MPA to aorta, modified Blalock-Taussig shunt

Double switch TGA Atrial switch plus arterial switch

a All patients have variations mandating detailed review of operative reporting. DORV, double-outlet right ventri-
cle; HLHS, hypoplastic left heart syndrome; IVC, inferior vena cava; LPA, left pulmonary artery; LV, left ventricle;
MPA, main pulmonary artery; PA, pulmonary artery; RPA, right pulmonary artery; RV, right ventricle; SVC, superior
vena cava; TA, tricuspid atresia; TGA, transposition of the great arteries (L, left, D, right); TOF, tetralogy of Fallot.

TYPICAL CATEGORIZATION OF SURGICAL REPAIRSa

TABLE 6.2
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Ao, aorta; AR, aortic regurgitation; AS, aortic stenosis; ASD, atrial septal defect; AV, atrioventricular; CA, coronary
artery; DORV, double-outlet right ventricle; HD, hemodynamics; ICE, intracardiac echocardiography; IVUS,
intravascular ultrasonography; LV, left ventricle; MRI, magnetic resonance imaging; PA, pulmonary artery; PFO,
patent foramen ovale; PHT, pulmonary hypertension; PS, pulmonary stenosis; PV, pulmonary valve; PVR, pul-
monary vascular resistance; RV, right ventricle; TAPVR, total anomalous pulmonary venous return; TEE, trans-
esophageal echocardiography; TGA, transposition of the great arteries (L, left; D, right); TOF, tetralogy of Fallot;
TTE, transthoracic echocardiography; VSD, ventricular septal defect.

Preferred 
Typical Diagnostic Cath Imaging Cath Indication:
Lesion(s) Typical Indications Modalities Interventional

ASD secundum

PFO

ASD sinus venosus

ASD primum
AV canal defect

TAPVR
VSD (membranous)

VSD (multiple muscular)

Ao stenosis/regurgitation:
subvalvar/supravalvar

Aortic coarctation

PDA
Valvar PS
Peripheral PS

TOF preop

TOF postop

TOF pulmonary atresia

Pulmonary atresia/intact
septum

TGA-D preop
TGA-D postop atrial

switch
TGA-D VSD/PS; truncus;

DORV postop

TGA-D postop arterial
switch

TGA-L
Single ventricle preop

Single ventricle post
Fontan

No: useful for PVR when PHT suspect S ASD test occlusion;
PHT vasodilator testing; HD-based management of RV and
LV dysfunction

No

Debated: higher incidence PHT: useful for PVR when PHT
suspect; see above

No
No: with increasing age, increased risk of PHT S check PVR;

see above
Debated: PVR, PV anatomy and rule out stenoses
No; uncommon need to assess PVR 

No; HD-based management of ventricular dysfunction, when
indicated

Debated: Hemodynamic changes remain the standard for
intervention in children and young adults with valvar AS
Supravalvar AS: useful to define relationship to CA origins 
AR: demonstration of fistulous connections when indicated

No: Hemodynamic changes remain the standard for
intervention in children and adults

No: PA pressure when PHT suspect S PDA test occlusion
No: HD-based management of RV failure when appropriate
No: HD-based management of RV failure or PHT when

appropriate
No: Anatomy when CAs, VSDs, Ao-PA collaterals cannot be

sufficiently imaged otherwise
Assess for residual shunts; HD-based management of RV or LV

dysfunction; PHT therapy

Yes: define PA anatomy and hemodynamics

In children: define coronary anatomy; in adults: define CA
anatomy or HD-based management of ventricular
dysfunction, as indicated

No
Assessment of residual shunting; HD-based management of

systemic ventricular dysfunction or PHT
No; HD-based management of systemic ventricular dysfunction

or PHT

Assessment of PA stenoses, coronary arterial stenoses

HD-based management of systemic ventricular dysfunction
Yes: hemodynamics/PVR

Yes: HD-based management of load and ventricular function

TEE/ICE

TEE/ICE

MRI

TEE
TEE

Cath/MRI
TTE/MRI

TTE/MRI

TTE/TEE/MRI

MRI

TTE/MRI
TTE/MRI
Nuclear

scintigraphy/MRI
TTE/MRI

TTE/MRI

MRI

TTE
MRI

MRI

MRI; IVUS

MRI
TTE/MRI

MRI

ASD closure

PFO closure when
indicated

Investigational
closure

VSD closure

AS: valve dilations

Dilation/stent

PDA closure
Valve dilation
PA dilation/stent

Close muscular 
VSDs

Close residual 
shunts /VSDs; PA
or conduit 
dilation/stent

Close Ao-PA
connections;
dilate/stent
stenoses

Atrial septostomy
Shunt closure

Shunt closure;
conduit
dilation/stent

CA dilation/stent

Close collaterals,
PA dilation/stent

Conduit and PA
dilation/stent;
close collaterals

TYPICAL INDICATIONS FOR DIAGNOSTIC CATHETERIZATIONS, PREFERRED IMAGING MODALITIES,
AND INTERVENTIONS

TABLE 6.3



Chapter 6: Diagnostic Catheterization in Congenital Heart Disease 121

Vascular access via the umbilical vein (5 French umbilical
catheter entry) directs the catheter position posteriorly in
the right atrium, which assists balloon atrial septostomy
but adds considerable difficulty to achieving stable access
to the right ventricle (RV) and pulmonary artery (PA).
Given the nearly 180	 turns involved in catheter passage
(umbilical vein [UV] S portal vein S ductus venosus S
inferior vena cava S right atrium), concomitant angio-
graphic delineation of the course during entry is sug-
gested. Hand-administered contrast injection to demon-
strate ductus patency, combined with use of either a
tip-deflecting or torque-controlled wire, permits posterior
advancement of the catheter, avoidance of intubation of
the liver, and successful passage of the catheter to the infe-
rior vena cava (IVC), where it can be exchanged for a long
access sheath after angiographic corroboration. Likewise,
the additional curve required to pass a catheter from the
umbilical artery (patent for up to 7 to 10 days postnatally)
may decrease the success of retrograde catheter passage to
the systemic ventricle, although this maneuver is fre-
quently successful.

Hepatic Vein

Direct hepatic vein entry can be considered when the
femoral veins are impassable (2). A Chiba needle is passed
between the mid and anterior axillary line, near the costal
margin between the diaphragm and the inferior liver edge.
The needle is typically advanced using ultrasound guid-
ance, passing posteriorly and cephalad toward the intra-
hepatic IVC or just caudal to the IVC-right atrial (RA)
junction, to within a few centimeters of the right border
of the spine. When contrast injection confirms entry into
a large central hepatic vein, a sheath and dilator are
advanced over a guidewire to the RA. Large sheath entry
and trans-septal passage can be performed without com-
plication via this route using the following technique: At
end procedure, a catheter one French size smaller than the
entry catheter is exchanged, and this sheath is withdrawn,
with hand injection of contrast until the tip of the sheath is
seen to be out of the vessel and within the liver parenchy-
mal tract. This tract is then filled with either coils or
Gelfoam. Subsequent pain at the entry site is expected for
an ensuing 24 hours owing to peritoneal irritation. 

Even after vessel access, catheter passage into the desired
chambers may require particular knowledge and experi-
ence. Appropriate catheter positioning may be facilitated
by use of torque-controllable, extendible, tip-deflecting,
stiff or extra-stiff, 0.035-inch and 0.038-inch guidewires, as
well as by increased use of shaped catheters designed for
peripheral or coronary use.

Superior Vena Cava

Entry to the superior vena cava (SVC) is easiest via
advancement of a straight wire or catheter in from the IVC
(soft catheters tend to advance anteriorly toward the atrial

appendage, away from the SVC). A straight catheter may be
gently advanced with a soft counterclockwise rolling to
ensure freedom of the catheter tip. Foreshortening of the
catheter tip in the anteroposterior (AP) projection typically
marks successful posterior angulation, permitting advance-
ment of the free catheter tip to the SVC.

On occasion, interruption of the IVC, with azygous con-
tinuation, may complicate catheter passage, markedly elon-
gating the catheter course. Multiple curves along the catheter
course make further posterior or trans-septal passage
extremely difficult from this access.

Passage to the RV may be complicated when (1) the
RA is excessively large, (2) the tricuspid valve or RV is
diminutive, (3) marked tricuspid valve regurgitation is
present, (4) pulmonary atresia is present. Entry can be
facilitated either by advancement of a preformed catheter
with curvature aimed toward the tricuspid valve (TV) or
with a soft-tipped catheter into which may be introduced
the preformed bend on the stiff end of a wire or a tip-
deflecting wire—always leaving the wire within the catheter
rather than allowing it to protrude into the vasculature. The
guidewire–soft catheter technique allows for adjustment
of entry angle and length of curvature by balancing the
distance of the guidewire tip from the catheter end prior
to catheter advancement over the guidewire. Particular
care must be taken with this approach so that the catheter
tip is moving freely prior to further manipulation or bal-
loon tip inflation.

Intubation of a normally positioned RV outflow/main
pulmonary artery may be difficult when the RV is particu-
larly dilated or the TV is regurgitant. Passage via an internal
jugular or subclavian vein approach may increase stability
and aid in anterior angulation to and through the RV out-
flow tract. A multipurpose or similarly precurved soft-
tipped catheter can be turned gently in clockwise fashion,
either with concomitant contrast injection or use of a
torque-controlled wire. Similarly, a soft balloon end-hole
catheter can be stiffened at its distal end either with a sharp
S-shaped bend to the stiff end of a 0.035-inch guidewire or
with a tip-deflecting wire to facilitate passage to the RV
outflow tract.

Passage of a catheter from the femoral vein through the
RV outflow typically is directed toward a normally posi-
tioned, posteriorly directed left pulmonary artery (LPA).
When the PAs are in altered positions, or are dilated, shap-
ing the stiff end of a guidewire with a compound clockwise
or counterclockwise loop and advancing it to the end of a
soft catheter may help direct the catheter to the right or to
the left PA, respectively. Such compound curves may prove
extremely useful in individual circumstances, transforming
basic shaped catheters into individualized, custom-fitted
entry devices—for example, use of a similar, tight S-shaped
compound guidewire curve can assist in directing a catheter
from the proximal branch right pulmonary artery (RPA) to
the upper lobe vessel. Similarly, a preshaped catheter can be
used with contrast injection or a torque-controlled
guidewire to assist entry of a branch PA. Intubation of a



122 Section II: Basic Techniques

dilated or angulated branch RPA may be particularly diffi-
cult from a femoral approach, and we have found that
retraction of a left Judkins coronary catheter from the left
pulmonary artery into the main pulmonary artery and
angulation toward the right can facilitate RPA entry.

Subpulmonary Left Ventricle

When the pulmonary arteries are posteriorly directed
(TGA), entry via the subpulmonary left ventricle (LV) is
generally performed with a soft-tipped, balloon end-hole
catheter placed in the LV apex. After ensuring that the
catheter tip is free, a tip-deflecting wire is placed within the
catheter, proximal to its tip, and is deflected with sufficient
traction to guide the catheter tip in a posterior direction,
away from the ventricular apex, and toward the base of the
heart. A slight retraction of both catheter and guidewire, as
a unit, is typically performed, allowing alignment with the
LV outflow. The guidewire is held firmly, acting as a ful-
crum from which the catheter is extruded, away from the
ventricular apex and into the LV outflow. 

Left Atrial

Left atrial entry via a transseptal approach can be accom-
plished on retraction from the SVC with gentle counter-
clockwise rotation of a leftward-facing catheter or with
clockwise advancement from a similarly leftward-facing
catheter positioned near the tricuspid valve (see Chapter 4).
Biplane fluoroscopic assessment facilitates safe trans-septal
passage, although many centers are making increasing use
of intracardiac echocardiographic guidance. Typical AP
location of the atrial septum is frequently just rightward of
the center of the spine. Posterior clockwise catheter rota-
tion from this position will facilitate passage into the pul-
monary veins, which may be probed with use of a torque-
controlled guidewire. Lower pulmonary vein entry is
frequently facilitated by use of a tight, near 180	 C-shaped
compound curve to the stiff end of a guidewire placed
within the entry catheter, directing it to the vessel orifice.
Left pulmonary venous entry is typical on crossing the
atrial septum, although the atrial appendage may also be
entered. Considerable catheter retraction and further pos-
terior redirection outside of the appendage typically facili-
tates prompt left pulmonary venous entry. The right-sided
pulmonary veins typically require further posterior clock-
wise rotation until the catheter tip appears on AP projec-
tion to be to the right of the spine, and then subsequent
catheter advancement. 

Shunt

Shunt entry is typically facilitated by precise pre-entry
knowledge (MRI angiography) of the shunt location.
High-volume shunts (Waterston/Pott/alternative central
aorta to PA) may be entered via transiently inflated, bal-

loon-tipped flotation catheters, or with preformed indi-
vidually adjusted catheters (e.g., Judkins right coronary
catheter modified by cutting its distal tip), or via tip-
deflecting or torque-controlled wires. A preformed Cobra
catheter or a modified pigtail (individually cut to approxi-
mately 180° may facilitate torque-controlled wire passage
from the subclavian artery through a Blalock-Taussig
shunt.

Ductus Arteriosus 

The ductus arteriosus was one of the original congenital
defects intubated during early catheterization attempts.
The ductus, when present, can be intubated relatively eas-
ily from either an anterograde venous or retrograde arter-
ial approach. From the descending aorta, a preshaped
catheter (Cobra, right Judkins, or multipurpose in chil-
dren; left Judkins in adult) can direct a soft-tipped torque-
controlled guidewire across the ductus. From a venous
approach, stationing of a multipurpose catheter within
the MPA angled slightly leftward to the MPA-LPA junction
allows similar passage of a soft-tipped straight or torque-
controlled guidewire across the ductus into the descend-
ing aorta.

Pressure Measurement and Oximetry

Pressure and systolic or diastolic gradient measurements
require stability of loading conditions and contractility, as
well as precise localization of the catheter tip. Improved
atrioventricular compliance in youth contributes to lower
“normal” values of filling pressures in children (RA �3 to
5 mm, PCW/LA �5 to 8 mm (5). Localization of pressure
gradients can be facilitated by pressure transduction
through manufactured or modified (cut) side-hole pigtail
catheters equipped with a Touhey-Borst Y-arm adapter so
that pressure can be measured continuously as the catheter
is retracted over a stable guidewire. Alternatively, a double-
lumen end-hole catheter may accomplish this goal of near-
simultaneous pressure measurements.

Oximetry remains the gold standard for shunt detection
(see Chapter 9). Error range of modern high-fidelity
oximeters remains approximately 3%. This, combined
with flow-sampling and venous mixing errors, leads to a
required oximetric saturation difference of between 4 and
9% to be assured of the presence of left to right shunting
(6). These errors must be taken into account when assessing
the accuracy of shunt and resistance calculations (Table 6.4,
Fig. 6.1). Common correctable errors in assessing oximetric
values include the following:

1. Use of IVC sampling as measure of mixed venous satu-
ration. Especially in the fetus, but also at other ages,
hepatic, renal (and ductus venosus) flow may not mix
completely within the IVC, giving inaccurate reflection
of flow due to streaming effects.
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2. Use of wedged samples that do not reflect the sampled
chamber or vessel, but rather, are partially contaminated
by values from proximal or distal chambers.

3. Mistaking elevated SVC saturation as normal rather
than as an indicator of a shunt directly into the SVC
from anomalous pulmonary veins or regurgitation from
the RA in the presence of atrial level shunting. 

4. Focusing on a particular degree of shunting without not-
ing overall flows. For example, in a patient with a secun-
dum atrial septal defect (ASD), SVC oxygen (O2) satura-
tion 50%, pulmonary artery O2 saturation 80%, aortic
O2 saturation of 100%, hemoglobin (Hgb) 14, and pul-
monary flow/systemic flow (Qp/Qs) ratio of 2.6, correc-
tion of atrial shunting does not necessarily correct low
systemic flow (Qs equals 1.3 L/minute per m2), which
may require additional investigation.

5. Averaging pulmonary vein saturations in the presence of
pulmonary venous desaturation. Segmental pulmonary
blood flow is never uniform or sufficiently predictable
to allow for estimation without direct measurement.
Hence, in the setting of nonuniform pulmonary venous
saturations (all pulmonary veins should be sampled for
maximal accuracy), the relative contribution of each
pulmonary segment to total pulmonary blood flow
must be known to calculate pulmonary vascular resist-
ance. If supplemental oxygen corrects desaturation and
re-establishes uniformity of venous sampling, improved
estimation of pulmonary vascular resistance (PVR) can
be made. However, disparities in dissolved oxygen (at
pO2 �100) and hence total blood oxygen content
among the pulmonary veins may still contribute to
inaccuracy. 

Qp

Qs

Qp/Qs

Qp effective (Qs effective)

Q Left S Right

Q Right S Left

% Left S Right �

1 � (Qp effective/Qp)

% Right S Left �

1 � (Qs effective/Qs)

PVR

PVR of multiple lung segments 

pressure

aSee also Chapter 9.
Q, flow; p, pulmonary; s, systemic; PVR, pulmonary vascular resistance; VO2, oxygen consumption; R, re-
sistance; PV, pulmonary vein; PA, pulmonary artery; Hgb, hemoglobin (gm/dL); Ao, aorta; SVC, superior
vena cava.

�
Flowsegment 1

(pressure (PA1 � PV1))
� � � � � � � � � �

1
RTotal

�
1

Rsegment 1
 �

1
Rsegment 2

� � � � � � � � � �

(mean PA pressure � LA pressure)

Qp

(PV sat � Ao sat)

(PV sat � SVC sat)

(PA sat � SVC sat)

(PV sat � SVC sat)

(Qs � Qs effective)

(Qp � Qp effective)

VO2

(PV sat � SVC sat)(Hgb)(1.36)(10)

(Ao sat � SVC sat)

(PV sat � PA sat)

VO2

(Ao sat � SVC sat)(Hgb)(1.36)(10)

VO2

(PV sat � PA sat)(Hgb)(1.36)(10)

COMMONLY USED FORMULAS FOR SHUNT AND RESISTANCE
CALCULATIONSa

TABLE 6.4
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Figure 6.1 A. Commonly used box diagram for displaying hemodynamic and oximetric data.
Open circles surround oximetric percent at a given location, whereas pressures are recorded directly
where they were measured. Anatomic variants are drawn in yellow circles, with shunt or blood flow
direction shown by arrows and color. B and table. Hemodynamic and oximetric (including shunt) cal-
culations and measures noted for a patient with atrial level bidirectional shunting.

Furthermore, certain additional facts regarding oximetry
and measure of vascular flow and resistance in patients
with congenital heart disease should be recognized:

1. Shunt detection is enhanced in the presence of low sys-
temic venous saturation.

2. Total PVR is lowered by recruitment of any additional
conduit for flow, regardless of resistance of that vessel.

3. Pulmonary vascular resistance is typically flow
dependent. Typical recruitment of additional zones of
pulmonary blood flow at greater pulmonary blood
flow allow for decrease in overall resistance. Hence,
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surgical elimination of shunt flow to the lungs may
not, in fact, lead to decrease in pulmonary pressures (as
would be expected if pulmonary blood flow decreased
and PVR remained constant), but rather, may remain
elevated due to offsetting reduction in Qp and eleva-
tion in PVR.

4. When multiple sources of pulmonary blood flow with dif-
fering oxygen saturations (e.g., Qp effective from a sys-
temic venous shunt along with ineffective systemic arterial
flow from an aorta-pulmonary shunt) exist in given lung
segments or to the entire lung, segmental or total Qp can-
not be directly measured. Isolation of each source of flow,
temporary occlusion of all but one source, and measure-
ment of pulmonary blood flow (mean PA and PV pres-
sures, PA and PV saturations) from that single source to
the lung segment�s in question can allow calculation of
PVR, albeit in a lower flow (worst case scenario of PVR).

5. Acute vasoreactivity to vasodilatory agents (inhaled
nitric oxide, intravenous prostacyclin, intravenous
adenosine, intravenous endothelin antagonists), used
to estimate PVR for assistance in planning modern
medical or surgical strategies typically increases Qp
and hence lowers PVR compared with the free-living
environments. PVR measured in such fashion may be
sufficiently low to permit acute convalescence from

cardiopulmonary surgery, but longer-term postopera-
tive care of such patients may require additional, longer-
term pulmonary vasomodulatory therapy (5,6).

6. Measurement of vascular pressures and resistance may
be affected by recent trauma (vascular intervention) or
contrast administration. Optimally, key aspects of
hemodynamic assessment are performed prior to signif-
icant contrast exposure or intervention. Likewise, hemo-
dynamics obtained after such exposure may be worst
case and may improve with time.

Angiography

Few human structures are perfectly symmetrical, so view-
ing vessels, chambers, and their connections requires mul-
tiple (typically orthogonal) views that minimize overlap
and foreshortening of critical areas (Table 6.5). Optimally,
biplane or multiplane imagery is used to decrease radia-
tion and contrast exposure. Recording of individualized
angiographic angles and views enhances the accuracy of
later comparisons.

Contrast administration is typically limited to a dose
per injection that is tolerated by the affected ventricle (e.g.,
segmental or subsegmental PA injections are preferable to
larger branch or MPA injections in patients with elevated

TYPICAL ANGIOGRAPHIC PROJECTIONS AND LESIONS BEST IMAGED
TABLE 6.5

Vessel/Chamber
Projection Degrees Imaged Lesion(s)

Long axial oblique 

Hepatoclavicular

Lateral

LAO

LAO-cranial
Steep LAO-cranial
AP-cranial
AP-caudal

AP

RAO

70	 LAO, 30	 cranial

45	 LAO, 45	 cranial

90	

60–70	 LAO

15	 LAO, 30	 cranial
60	 LAO, 15	 cranial
0	 LAO, 30	 cranial
0	 LAO, 45	 caudal

0	

30	 RAO

LV

LV

Four chambers
RV/branch PAs
Descending aorta
Aorta

MPA-branch origins
Atrial septum
RV/conduits
Ascending aorta/

coronary artery
origins

RV, peripheral PAs
Pulmonary veins

LV

Membranous VSD,
conotruncal VSD, LVOT
obstruction

AV canal defect,
midmuscular VSD

LV-RA connections
PS/PPS/TGA/DORV
Coarctation/PDA
Coarctation/aortic valve

disease
TOF/PA stenoses
ASD, PFO
TOF/PS/DORV
TGA/DORV/

anomalous CA
origins
TGA/DORV/peripheral PS
Pulmonary vein

stenoses/anomalies of
origin/connection

Anterior VSD, mitral valve
disease

Ao, aorta; ASD, atrial septal defect; AV, atrioventricular; CA, coronary artery; DORV, double-outlet right
ventricle; LAO, left anterior oblique; LV, left ventricle; LVOT, left ventricular outflow tract; PA, pulmonary
artery; PDA, patent ductus arteriosus; PFO, patent foramen ovale; (P) PS, (peripheral) pulmonary stenosis;
RAO, right anterior oblique; RV, right ventricle; TGA, transposition of the great arteries (L, left; D, right);
TOF, tetralogy of Fallot; VSD, ventricular septal defect.



126 Section II: Basic Techniques

PVR or RV contractile dysfunction), as long as they are
sufficient for maximal anatomic documentation. Prior
limitation in fluoroscopic equipment required contrast
administration of approximately 1 cc�kg given over 1 sec-
ond to permit complete chamber delineation in infants
and young children with normal volume flow, and �1.5
cc�kg over 1 second when excessive shunt flow is present
(1). With modern angiographic laboratories, enhanced flu-
oroscopic fidelity appears to have reduced this contrast
requirement substantially. 

Given that total contrast administration is designed
optimally to be �5 cc�kg per catheterization, complete
angiographic planning should be performed before the
procedure, with ability to shift in “midstream” to opti-
mize obtainment of required data with greatest patient
safety. 

1. Certain angiographic views serve as reasonable starting
points for imaging specific sites or lesions, with individ-
ualized adjustment. (Table 6.5). 

2. Angiography may be performed with greatest fidelity
and least contrast exposure when performed in local
fashion, typically via a side-hole angiographic catheter
placed over a wire (7). The catheter is adjusted to allow
the side holes to be at, upstream, or downstream of flow
through the region of question to maximize anatomic
imaging with minimal contrast. 

3. Retrograde imaging via wedge angiography may assist in
delineation of otherwise unreachable vessels or cham-
bers. Some patients, as a result of a congenital defect or
prior cardiac surgery, have complete occlusion of a prox-
imal pulmonary artery (typically the left). Owing to
bronchial arterial collateralization of the more distal
portion of the occluded branch PA, however, this vessel
may remain patent decades later. Aortic and collateral
vessel angiography or MRI may not be able to establish
vessel patency or size adequately owing to restricted
baseline flow and vessel underfilling. But a balloon-
tipped end-hole catheter can be placed into the draining
vessel (typically the corresponding pulmonary vein), so
that injection of �0.3 mL�kg of nonionic contrast agent
followed immediately by an equal volume of saline
with the balloon inflated in the pulmonary vein can
outline parenchymal vessels with back-filling of the
mediastinal segment. On occasion, the main and con-
tralateral PA may also fill in, if they are in continuity. It
is important to use biplane cineangiography for these
injections to accurately identify the degree of proximal
extension of the vessel relative to landmarks, such as
the bronchus, on that side. (Similar technique may be
used for angiography of particular pulmonary venous
pathways when vessel access is restricted or difficult.
Catheter placement within the feeding pulmonary
artery may be followed by biplane balloon inflation
angiography.)

SPECIAL CIRCUMSTANCES

Certain circumstances lead to specific diagnostic consider-
ations for individuals affected by congenital heart disease.
These are discussed below.

Pregnancy

Increased preload, heart rate, and cardiac output, coupled
with varying ventricular contractile function, may exacerbate
pre-existing hemodynamic compromise. Catheterization is
safe to mother and fetus when limited to those circum-
stances (usually mitral or ventricular outflow obstruction)
where a combined cardiology and high-risk obstetrics
team determines that catheter-based diagnostics or inter-
ventions are required despite adequate volume and heart
rate control. Choice in timing of catheterization may not
be feasible, but should be timed to optimize maternal
safety while minimizing fetal teratogenicity or mortality
risk. Regardless of food intake, the pregnant woman is con-
sidered to have a full stomach, and hence is at increased
risk of reflux and aspiration. Overall and uterine radiation
exposure should be minimized (direct shielding with
lead aprons may intensify rather than reduce exposure,
and should be avoided; 8). In such circumstances, the
unknown long-term teratogenic risks of low-dose radiation
exposure to the fetus in modern laboratories is often out-
weighed by fetal benefit by improving understanding of
ramifications of further management strategies or by direct
change in hemodynamics. Availability of fetal monitoring
and urgent access to the delivery room should be deter-
mined by the obstetric staff prior to catheterization.
Typical scenarios leading to catheterization during preg-
nancy might include maternal suspected or known pul-
monary vascular disease, suspected coronary arterial
abnormalities, pulmonary venous or functional left atrial
outflow obstruction, ventricular outflow obstruction, or
subpulmonary or subaortic ventricular failure, unrespon-
sive to standard therapy.

Down Syndrome

The adult patient with Down syndrome frequently has
increasing medical comorbidity (thyroid disease, upper and
lower airway disease, gastrointestinal reflux, aspiration,
limited communication skills, and dementia). Despite
restricted alimentation, the Down syndrome patient
should be considered to have a full stomach and to be at
increased aspiration risk. Hemodynamic assessment of
pulmonary vascular resistance should take into account
alterations in ventilation and increased incidence of pul-
monary vascular disease (9,10). Mechanical ventilation to
ensure adequate assessment of pulmonary vascular resist-
ance should be used, as necessary.
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Pulmonary Ventricular Failure/Pulmonary
Vascular Disease

In the adult, the failing right pulmonary ventricle appears
to be less forgiving when acutely compromised, and
rapid uncorrectable hemodynamic collapse may ensue.
Avoidance of large shifts in preload (rapid volume infu-
sion) and afterload (large contrast bolus, embolization)
are thus particularly important in this setting. Recent thera-
peutic advances for patients with acquired or congenital
pulmonary vascular disease have markedly improved
the potential for increased quantity and improved quality
of life. Assessment of pulmonary vascular reactivity as a
marker for further surgical or medical therapy has taken an
increasingly larger role in the congenital catheterization
laboratory. Extreme care should be taken to avoid acute
confounding in-laboratory worsening of PVR by excessive
sedation-induced hypoventilation, anesthetic-induced neg-
ative inotropy, pain, hemorrhage, acidemia, or severe alter-
ations of loading conditions. In-laboratory support with
intravenous (prostacyclin) or inhaled (nitric oxide) pul-
monary vasodilators or mechanical assist may be required
for even basic hemodynamic assessments in such patients.
An intensive monitoring environment outside of the
catheterization laboratory is needed for optimization and
tailoring of longer-term management strategies.

Improvement in device manufacture, safety testing, and
operator experience has led to the extension of trans-
catheter device septal closure to populations with increased
risk and less-well-defined criteria for intervention, such as
the patient with ASD, RV dysfunction, and�or cyanosis (see
below, and Chapter 27). The concept of transcatheter tem-
porary balloon occlusion to mimic the acute physiologic
change of defect closure was pioneered by pediatric cardiol-
ogists for the management of surgically placed fenestrations
in Fontan baffles, establishing criteria to best estimate the
long-term cardiopulmonary tolerance of a removal of a
pop-off between circulatory systems (11). Extrapolation of
these criteria to the older adult with RV dysfunction and
cyanosis is unsubstantiated, but serves as a guide for acute
testing of physiologic tolerance. Performance of temporary
balloon defect occlusion with compliant large balloon
catheters and subsequent measure of change in cardiac out-
put and right atrial pressures is recommended in highest-
risk patients contemplating catheter-based or surgical ASD
closure (12).

Right Ventricular Outflow Enlargement

Use of transannular patch repair, persistence or recurrence of
right ventricular outflow obstruction, or elevation of distal
pulmonary artery pressure in patients with tetralogy of
Fallot may contribute to increased incidence of right ventric-
ular outflow and pulmonary arterial aneurysmal dilation.
Criteria for timing of right ventricular outflow reconstruc-

tion in this setting remain unknown. Catheterization of
such patients may be indicated to define hemodynamics in
the setting of changing exercise capacity or worsening
arrhythmia, or to define anatomy in the setting of chest pain
or cyanosis with either suspected encroachment of pul-
monary venous drainage or pulmonary arterial dissection.

Cyanosis

Long-standing effects of hypoxia-mediated secondary
erythrocytosis lessen glomerular filtration rate and increase
viscosity, raising the risk for contrast-induced acute tubular
necrosis and vascular thrombosis (13). Catheterization
should be planned appropriately in such patients and may
be accompanied by preprocedural organized reduction
in red blood cell mass. The congenital patient has an
increased risk of developing pulmonary parenchymal and
ventilatory cyanosis, but congenital or acquired vascular
causes of decreased systemic arterial saturation should be
sought vigorously to avoid the long-term ravages of chronic
cyanosis and erythrocytosis. Right to left shunting at the
level of systemic veins to pulmonary veins, atrial baffle leaks,
patent foramen ovale, and pulmonary artery to pulmonary
veins should be sought and potentially treated in the
catheterization laboratory. Similarly, pulmonary venous
desaturation in the setting of pulmonary venous hyperten-
sion owing to (a) systolic or diastolic subaortic ventricular
failure, (b) AV valve regurgitation, (c) intravascular obstruc-
tion or extravascular compression by an enlarging right
atrium or pulmonary artery should be explored for potential
medical, surgical, or transcatheter intervention. 

Systemic Ventricular “Heart Failure”

The inability of the heart and lungs to meet the metabolic
demands imposed by the patient with congenital heart dis-
ease may have unique anatomic and physiologic etiologies,
and widely differing therapies than those used for children
or adults with acquired heart disease (Table 6.6). Use of
tailored, hemodynamic-based changes in medical therapy,
to date, have not been studied in patients with congenital
heart disease.

Coronary Artery Disease

Patients may have abnormalities of coronary artery origin
(e.g., anomalous coronary sinus origin of either the right
or left coronary artery [RCA or LCA], or origin of LCA�RCA
from the pulmonary artery: i.e., ALCAPA), passage (intra-
mural, or between the great arteries), and vessel character-
istics (such as those seen in ALCAPA, Kawasaki disease, or
coronary reimplantation during arterial switch for TGA).
Definition of such abnormalities combines knowledge of
congenital cardiology with expertise in the use of tools of
the adult cardiologist (including intravascular ultrasound,
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thrombolysis in myocardial infarction [TIMI] frame count,
provocative endothelial function testing), and may ulti-
mately lead to improved understanding of causes, and
therapy, for such diseases.

SUMMARY

Hemodynamic evaluation of both young and older
patients with congenital heart disease requires accurate
planning and coordinated multidisciplinary care, based
on an intricate understanding and assessment of:

1. Interactions between circulations (systemic 3 pul-
monary)

2. Coupling between chambers and circulation (subpul-
monary ventricle 3 pulmonary arteries, subaortic ven-
tricle 3 systemic arteries)

3. Coupling between chambers (right 3 left ventricles,
atrioventricular transport post atrial switch repair)

4. Electromechanical coupling

All appear to have such a profound effect on functional
capacity and survival. With the increasing complexity of
children with congenital heart disease and the more com-
mon survival of such children into adulthood, the congen-
ital heart disease physician must be prepared to provide
expert hemodynamic assessment and an ever-increasing
range of medical, surgical, and catheter-based (see Chapter
27) interventions, as appropriate. Future incorporation of
physiologic imaging (primary MRI-based imaging for

catheter manipulations, intracardiac echocardiography,
intravascular ultrasonography, high-fidelity tonometry)
with catheter-based diagnostics for this population is
anticipated, but the cardiac catheter is still certain to play
an important tool in making these decisions and deliver-
ing the requisite therapies.
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7Pressure Measurement
William Grossman

The measurement of dynamic blood pressure has been of
interest to physiologists and physicians since 1732, when
Reverend Stephen Hales measured the blood pressure of a
horse by using a vertical glass tube (1). Methodology has
advanced impressively since Reverend Hales’ day, but
with increased technical capability has come greater com-
plexity of instrumentation, so that few physicians today
have a firm understanding of the instruments on which
they rely.

THE INPUT SIGNAL: WHAT IS A
PRESSURE WAVE?

Force is transmitted through a fluid medium as a pressure
wave, and an important objective of the cardiac catheteri-
zation procedure is to assess accurately the forces and
therefore the pressure waves generated by various cardiac
chambers. For example, a ventricular pressure wave may be
considered a complex periodic fluctuation in force per unit
area, with one cycle consisting of the time interval from the
onset of one systole to the onset of the subsequent systole.
The number of times the cycle occurs in 1 second is termed
the fundamental frequency of cardiac pressure generation.
Thus, a fundamental frequency of two corresponds to a
heart rate of 120 beats per minute (bpm). Definitions of
terms relevant to the theory and practice of pressure mea-
surement are listed in Table 7.1.

Considered as a complex periodic waveform, the pres-
sure wave may be subjected to a type of analysis devel-
oped by the French physicist Fourier, whereby any com-
plex wave form may be considered the mathematical
summation of a series of simple sine waves of differing
amplitude and frequency (Fig. 7.1). Even the most com-
plex waveform can be represented by its own Fourier
series, in which the sine wave frequencies are usually
expressed as harmonics, or multiples of the fundamental

frequency. For example, at a heart rate of 120 bpm, the
fundamental frequency is 2 cycles per second (Hz) and
the first five harmonics are sine waves whose frequencies
are 2, 4, 6, 8, and 10 Hz. The practical consequence of this
analysis is that, to record pressure accurately, a system
must respond with equal amplitude for a given input
throughout the range of frequencies contained within the
pressure wave. If components in a particular frequency
range are either suppressed or exaggerated by the trans-
ducer system, the recorded signal will be a grossly dis-
torted version of the original physiologic waveform. For
example, the dicrotic notch of the aortic pressure wave
contains frequencies above 10 Hz. If the pressure mea-
surement system were unable to respond to frequencies
greater than 10 Hz, the notch would be slurred or absent.

PRESSURE MEASURING DEVICES

The manometer used by Starling, Wiggers (2), and others
was a modification of that devised by Hürthle (3) in
1898 and is illustrated in Fig. 7.2. A rubber tambour was
coupled with a writing lever that recorded change in
pressure on a rotating smoked drum. The system had a
high inertia and a low elasticity, giving it a narrow range
of usefulness. However, consideration of the mechanics
of this primitive system helps give a tangible meaning to
key concepts applicable to modern pressure measure-
ment devices.

Sensitivity

The sensitivity of such a measurement system may be
defined as the ratio of the amplitude of the recorded sig-
nal to the amplitude of the input signal. With the Hürthle
manometer illustrated in Fig. 7.2, the more rigid the
sensing membrane, the lower the sensitivity; conversely,
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DEFINITIONS OF TERMS RELEVANT TO THE THEORY AND PRACTICE
OF PRESSURE MEASUREMENT

TABLE 7.1

Term Definition

Pressure wave Complex periodic fluctuation in force per unit area
Units: dynes/cm2: 1 dyne�cm2 � 1 microbar � 10�1 N�M2

� 7.5 � 10�4 mm Hg
mm Hg: 1 mm Hg = 1 Torr = 1�760 atmospheric pressure

Fundamental frequency Number of times the pressure wave cycles in 1 second 
Harmonic Multiple of the fundamental frequency
Fourier analysis Resolution of any complex periodic wave into a series of 

single sine waves of differing frequency and amplitude
Sensitivity of pressure measurement Ratio of the amplitude of the recorded signal to the 

system amplitude of the input signal
Frequency response of pressure Ratio of output amplitude to input amplitude over a 

measurement system range of frequencies of the input pressure wave
Natural frequency Frequency at which the pressure measurement system

oscillates or responds when shock- excited; also, the 
frequency of an input pressure wave at which the 
ratio of output/input amplitude of an undamaged
system is maximal. Units: cycles/sec, Hz

Damping Dissipation of the energy of oscillation of a pressure 
measurement system owing to friction. Units: damping 
coefficient, D (see text)

Optimal damping Damping that progressively blunts the increase in 
output/input ratio that occurs with increasing 
frequency of pressure wave input. Optimal damping 
can maintain frequency response flat (output/input 
ratio � 1) to 88% of the natural frequency of the 
system

Strain gauge Variable-resistance transducer in which the strain (�L�L)
on a series of wires is determined by the pressure 
on the transducer’s diaphragm. Over a wide range,
electrical resistance (R) of the wire is directly
proportional to �L�L

Wheatstone bridge Arrangement of electrical connections in a strain gauge 
such that pressure-induced changes in resistance
result in proportional changes in voltage across the
bridge

Balancing a transducer Interpolating a variable resistance across the output of 
a Wheatstone bridge/strain gauge transducer so that 
atmospheric pressure at the zero level (e.g.,midchest) 
induces an arbitrary voltage output on the monitor/
recording device (i.e., a voltage that positions the
transducer output on the oscilloscopic pressure
baseline)

the more flaccid the membrane, the higher the sensitiv-
ity. This general principle applies to manometers cur-
rently in use.

Frequency Response

A second crucial property of any pressure measurement
system is its frequency response. The frequency response
of a pressure measurement system may be defined as the
ratio of output amplitude to input amplitude over a range

of frequencies of the input pressure wave. To measure
pressure accurately, the frequency response (amplitude
ratio) must be constant over a broad range of frequency
variation. Otherwise, the amplitude of major frequency
components of the pressure waveform may be attenuated
while minor components are amplified, so that the
recorded waveform becomes a distorted caricature of the
physiologic event. Referring again to the Hürthle mano-
meter in Fig. 7.2, the range of good frequency response is
improved by stiffening the membrane, and it is narrowed



by making the membrane more flaccid, because the flac-
cid membrane cannot respond well to higher frequencies.
Thus, frequency response and sensitivity are related recipro-
cally, and one can be obtained only by sacrificing the
other.

Natural Frequency and Damping

A third important concept is the natural frequency of a sens-
ing membrane and how it determines the degree of damp-
ing required for optimal recording. If the sensing mem-
brane were to be shock-excited (like a gong) in the absence
of friction, it would oscillate for an indefinite period in
simple harmonic motion. The frequency of this motion
would be the natural frequency of the system. Any means
of dissipating the energy of this oscillation, such as fric-
tion, is called damping. The dynamic response characteris-
tics of such a system are determined largely by the natural
frequency and the degree of damping that the system pos-
sesses (4).

The significance of the natural frequency and the
importance of proper damping are illustrated in Fig. 7.3.
The amplitude of an output signal tends to be augmented
as the frequency of the input signal approaches the natural
frequency of the sensing membrane. The physical counter-
part of this augmentation is that the sensing membrane of
the pressure transducer vibrates with increasing energy and
violence. The same mechanism underlies the fracture of a
crystal glass when an opera singer vocalizes the appropriate

input frequency. Damping dissipates the energy of the
oscillating sensing membrane, and optimal damping dissi-
pates the energy gradually, thereby maintaining the fre-
quency response curve nearly flat (constant output/input
ratio) as it approaches the region of the pressure measure-
ment system’s natural frequency.

As an analogy to further help the reader understand
the significance of damping, consider the simple case
of a weight suspended from a spring. If the weight is
displaced and then released, the stretched spring recoils
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Figure 7.1 Resolution of a normal ventricular pressure curve
(top) into its first 10 harmonics by Fourier analysis. If compo-
nents in a particular frequency range (e.g., the third harmonic,
which in this case is 7 Hz) were either suppressed or exagger-
ated by the transducer system, the recorded signal would be a
grossly distorted version of the original physiologic signal.
(Adapted from Wiggers CJ. The Pressure Pulses in the
Cardiovascular System. London: Longmans, Green, 1928:1.)

Figure 7.2 Schematic illustration of the Hürthle manometer. A
rubber tambour serves as the sensing membrane and is coupled
with an amplifying lever arm that records changes in pressure (�P)
on a rotating smoked drum. Pressure is transmitted from the heart
(lower left corner) to the sensing membrane by fluid-filled tubing.



so that the weight moves past its original position and
then oscillates up and down. In the absence of frictional
forces (damping), the oscillation would continue indefi-
nitely at a frequency determined by the stiffness of
the spring and an amplitude determined by the mass of
the weight. In practice there is always some damping,
and this has two effects: The amplitude of the oscilla-
tions gradually diminishes, and the frequency of oscilla-
tion is reduced. This second important consequence of
damping—reduction of the natural frequency of a system—
is not widely appreciated. If we continue with our anal-
ogy, imagine that the spring and its weight are suspended
in a jar of syrup or honey; the spring will clearly vibrate
with lesser amplitude of vibration and lesser frequency
than before. The effect of the viscous medium is to fur-
ther damp the oscillations. If the medium’s viscosity is
high enough, it prevents any overshoot or oscillation:
The weight returns to its original position regardless of
its initial displacement. Further damping at this point
simply slows the return of the weight to its equilibrium
position, thereby depressing the frequency response
characteristics of the system. Therefore, damping helps
to prevent overshoot artifacts resulting from resonance
of the system, but at the cost of diminished frequency
response.

WHAT FREQUENCY RESPONSE 
IS DESIRABLE?

Wiggers (2) suggested that the shortest significant vibra-
tions contained within physiologic pressure waves have
one-tenth the period of the entire pressure curve—that is,
the essential physiologic information is contained within
the first 10 harmonics of the pressure wave’s Fourier series.
At a heart rate of 120 bpm, the fundamental frequency is
2 Hz and the tenth harmonic is 20 Hz. Therefore, a pres-
sure measurement system with a frequency response range
that is flat to 20 Hz should be adequate in such a circum-

stance, and support for this hypothesis has come from
experimental work comparing high frequency-response
systems with conventional catheter systems (5).

The useful frequency response range of commonly used
pressure measurement systems is usually �20 Hz unless
special care is taken. Wood and colleagues (6) and Gleason
and Braunwald (7) found that frequency response was flat
to �10 Hz with small-bore (6F) catheters attached to stan-
dard strain gauge manometers.

To ensure a high frequency-response range, the pressure
measurement system must be set up in such a way that it
has the highest possible natural frequency as well as optimal
damping. The natural frequency is directly proportional to
the lumen radius of the catheter system. It is inversely pro-
portional to the length of the catheter and associated tubing
and to the square root of the catheter and tubing compli-
ance and the density of fluid filling the system. The highest
natural frequency is obtained by using a short, wide-bore,
stiff catheter connected to its transducer without interven-
ing tubing or stopcocks and filled with a low-density liquid
from which small air bubbles, which increase compliance,
have been excluded (e.g., boiled saline solution). Such a sys-
tem is impractical for routine use, but deviation from it
occurs only at a significant sacrifice.

If such a system is constructed, it will be found to be
grossly underdamped (Fig. 7.3). Accordingly, it is important
to introduce damping into the system to keep the fre-
quency response flat as the frequency of the input signal
approaches the natural frequency of the pressure measure-
ment system. With optimal damping, the frequency
response can be maintained flat (5%) to within 88% of
the natural frequency, according to Fry (4), although it is
unusual to achieve �50% in most laboratories. Damping
may be introduced by interposing a damping needle
between the catheter and manometer (6) and gradually
shortening it until optimal damping is obtained; by filling
the manometer or tubing with a viscous medium, such as
Renografin (a radiographic contrast agent); or by any of
several other methods.
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Figure 7.3 Frequency response curves of a pressure measure-
ment system, illustrating the importance of optimal damping. The
amplitude of an input signal tends to be augmented as the fre-
quency of that signal approaches the natural frequency of the
sensing membrane. Optimal damping dissipates the energy of the
oscillating sensing membrane gradually and thereby maintains a
nearly flat natural frequency curve (constant output/input ratio) as
it approaches the region of the pressure measurement system’s
natural frequency (see text). D, damping coefficient.



EVALUATION OF FREQUENCY
RESPONSE CHARACTERISTICS

Ideally, the frequency response characteristics of a pressure
measurement system should be evaluated using a sine
wave pressure generator to construct curves similar to those
seen in Fig. 7.3. By altering the characteristics of the system
discussed in the previous section, a reasonable compro-
mise between frequency response, damping, and practical-
ity can be achieved for each laboratory. Such a sine wave
pressure generator is commercially available (Millar
Instruments, Houston, TX). An example of the use of this
device in estimating frequency response of a pressure mea-
surement system is provided in Fig. 7.4.

Another method, which does not require the use of
such a pressure waveform generator, is described here. This
technique may be used for measuring the dynamic
response characteristics of a pressure measurement system.

The catheter to be studied is connected by means of a
three-way stopcock with or without intervening tubing to
one arm of a strain gauge transducer (Fig. 7.5). The trans-
ducer used should be of the low-volume-displacement type
(small chamber capacity) to enhance frequency response.
The tip of the catheter is snugly projected through a hole in
a no. 6 rubber stopper, which is tightly inserted into the cut-
off barrel of a 60-mL plastic syringe. The syringe plunger is
removed, and the barrel is fixed in a vertical position, point-
ing downward, so that the catheter enters from below. The

manometer and catheter are filled with saline solution, care
being taken to avoid even small air bubbles, and the
catheter is flushed until the catheter tip and holes are sub-
merged in approximately 30 mL of saline solution. The
plunger is slowly inserted into the syringe, producing an
upward deflection of the pressure trace on the oscilloscope
of the recording apparatus. When the trace comes to rest at
the top of the oscilloscope, the recorder is turned on at
rapid paper speed and the plunger is suddenly withdrawn.
This method, modified from Hansen (8), produces shock-
excitation vibrations of the type seen in Fig. 7.6. The math-
ematical foundation for analysis of such a shock excitation
has been described by Wiggers (2) and Fry (4) and may be
summarized as follows.

The frequency of the after-vibrations produced by shock
excitation is the damped natural frequency of the system.
This is obtained by measuring the time, t, between two suc-
cessive vibrations and obtaining the damped natural fre-
quency, ND as 1/t. In the example in Fig. 7.6, ND � 1/0.04 �

25 Hz. Next, the damping coefficient, D, is calculated as a
function of the ratio by which successive single vibrations
decrease. In Fig. 7.6, this may be calculated from the ratio of
x2 to x1, the percent overshoot:

(7.1)

where ln(x2/x1) is the natural logarithm of the percent
overshoot. In our example, x2/x1 � 0.093, ln(x2/x1) �

D � 2ln2(x2�x1)�[p2 � ln2 (x2�x1)]
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Figure 7.4 Left ventricular pressure (center) measured with a fluid-filled standard catheter and
micromanometer (catheter-tip pressure manometer) in a patient undergoing cardiac catheterization.
Left and right. In vitro frequency response for micromanometer (upper) and fluid-filled (lower) sys-
tems. The left panel recordings were obtained by continuously increasing the input frequency of a
sine wave pressure waveform from 2 to 200 Hz. The fluid-filled system resonated (natural frequency)
at 37 Hz but was flat (5%) only to 12 Hz. Therefore its useful range is only to approximately 12 Hz.
The right panel shows the response of each system to a square wave pressure input signal. (From
Nichols WW, Pepine CJ, Millar HD, et al. Percutaneous left ventricular catheterization with an ultra-
miniature catheter-tip pressure transducer. Cardiovasc Res 1978;12:566, with permission.)



�2.379, and D � 0.603. From the damping coefficient D
and the damped natural frequency ND, we may determine
the undamped natural frequency N as

(7.2)

A simple practical goal is to try to regulate the damping of
an actual pressure measurement system so that its damp-
ing coefficient is as close to 0.64 (so-called optimal damp-
ing) as possible. At this value, the pressure measurement
system shows uniform frequency response (5%) to about
88% of its natural frequency, according to Fry (2). If such
optimal damping is achieved for the system illustrated in
Fig. 7.6, its frequency response could be considered flat to
0.88 N, or 27.5 Hz. Improperly damped systems with low
natural frequencies (because of small air bubbles or exces-
sively compliant tubing) may achieve uniform frequency
response to �10 Hz.

TRANSFORMING PRESSURE WAVES
INTO ELECTRICAL SIGNALS: THE
ELECTRICAL STRAIN GAUGE

Pressure measurement systems today generally use electri-
cal strain gauges based on the principle of the Wheatstone

N � ND�21 � D2

bridge. In its simplest form, the strain gauge is a variable-
resistance transducer whose operation depends on the fact
that when an electrical wire is stretched, its resistance to
the flow of current increases. As long as the strain remains
well below the elastic limit of the wire, there is a wide
range within which the increase in resistance is accurately
proportional to the increase in length.

Figure 7.7 illustrates how the Wheatstone bridge uses
this principle in converting a pressure signal to an electrical
signal. In this schematic representation of a pressure trans-
ducer, pressure is transmitted through port P and acts on
diaphragm D, which is vented to atmospheric pressure on
its opposite side. In the illustration, the diaphragm is
attached on its undersurface to a plunger, which in turn is
attached to four wires, G1 through G4, as illustrated. The
manner of attachment is such that increased pressure on
the diaphragm stretches and therefore increases the electri-
cal resistance of G1 and G2 and has the opposite effect on
G3 and G4. In the Wheatstone bridge, G1, G2, G3, and G4 are
connected electrically as in Fig. 7.8 and are attached to a
voltage source, B. If all four resistances are equal, then
exactly half the voltage of battery B exists at the junction of
G1 and G4 and half at the junction of G2 and G3; therefore,
no current flows between the output terminals. However,
when pressure is applied to the diaphragm (Fig. 7.7), the
resistances are unbalanced, so that the junction of G1 and
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Fluid level

No. 6  Stopper

Standard
catheter

Transducer

3-Way
stopcock
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Time

Signal from pressure transducer
as plunger is suddenly withdrawn
from syringe barrel

Figure 7.5 Practical evaluation of dynamic response characteristics of a catheter–transducer sys-
tem. The catheter hub is connected by means of a three-way stopcock to one arm of a low-volume-
displacement pressure transducer. The tip of the catheter is snugly projected through a hole in a no.
6 rubber stopper, which is tightly inserted into the cutoff barrel of a 60-mL plastic syringe. The
manometer and catheter are filled with saline solution, care being taken to avoid even small air bub-
bles, and the catheter is flushed until the catheter tip and holes are submerged in approximately
30 mL of saline solution. Next, the plunger is slowly inserted into the syringe, producing an upward
deflection of the pressure trace on the oscilloscope of the recording apparatus. When the pressure
trace comes to rest at the top of the oscilloscope screen, the recorder is turned on and the plunger
is suddenly withdrawn from the syringe barrel. Dynamic response characteristics are then calculated
as shown in Fig. 7.6.



G4 becomes negative, and a current flows across the output
terminals.

Because movement of the diaphragm (D) in Fig. 7.7 is
necessary to produce current flow in the Wheatstone bridge,
a certain volume of fluid must actually move through the
catheter and connecting tubing to produce a recorded pres-
sure. Therefore, the use of a low-volume-displacement
transducer with a small chamber volume improves the
frequency-response characteristics of the system.

Balancing a transducer is simply a process whereby a
variable resistance (the R balance of most amplifiers) is

interpolated into the circuit (Fig. 7.8) so that at an arbitrary
baseline pressure, the voltage across the output terminal,
can be reduced to zero. Some amplifiers use an alternating
current (AC) signal in place of the DC current source shown
in Fig. 7.8. When these carrier current amplifiers are used, a
variable capacitor (the C balance) must be used in addition
to the variable resistor to balance the bridge.

PRACTICAL PRESSURE TRANSDUCER
SYSTEM FOR THE CATHETERIZATION
LABORATORY

Incorporating all the principles discussed so far in this
chapter, many laboratories have settled on a practical sys-
tem in which a fluid-filled catheter is attached by means of
a manifold to a small-volume-displacement strain gauge
type pressure transducer (Fig. 7.9).

The system illustrated is used for pressure measurement
from the right side of the heart and for arterial monitor lines.
The system used for left-sided heart pressure measurement is
more complex because it also incorporates ports for radi-
ographic contrast administration and blood discard, as well
as a syringe for coronary angiography (see also Chapter 11).
Virtually all catheterization laboratories use relatively inex-
pensive, sterile, disposable pressure transducers in which a
tiny integrated circuit on a thin silicon diaphragm serves as
the sensing element. Fluid pressure is transmitted to this
element through a gel medium, bending the circuit and alter-
ing the resistance of resistors in the silicon diaphragm. The
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Figure 7.6 Records of dynamic frequency response characteristics obtained from the system illus-
trated in Fig. 7.5. A, B, and C. Progressive increases in damping produced by introducing increasing
amounts of a viscous radiographic contrast agent (Renografin-76) into the catheter–transducer system.
The catheter was 80 cm long, and its diameter was 8F. A. Underdamped. B. Almost optimally damped.
C. Overdamped. The percent overshoot (x2�x1) is used in the calculation of the damping coefficient,
D. The undamped natural frequency, N, is calculated from D and the damped natural frequency, ND.
Time lines are 20 milliseconds. Using the curves shown in Fig. 7.3 for various values of D, the frequency
response of the system in B can probably be considered flat (5%) to 0.88 N, or 27.5 Hz.

Figure 7.7 Schematic representation of a strain gauge pressure
transducer. Pressure is transmitted through port P and acts on
diaphragm D, which is vented to atmospheric pressure on its
opposite side. Pressure causes the diaphragm to stretch, in turn
stretching and therefore increasing the resistance of wires G1 and
G2, while having the opposite effect on wires G3 and G4. The wires
are electrically connected as shown in Fig. 7.8.



circuit delivers an electrical output proportional to the pres-
sure being applied, as discussed previously.

To the first side arm of the manifold (Fig. 7.9), a fluid-
filled connecting tube is attached, the distal end of which
is adjusted to the zero reference level (see above). The sec-
ond side arm is connected by a fluid-filled tube to a pres-
surized flush bag containing heparinized saline solution.
The cardiac catheter is connected directly to the front of the
manifold through a built-in rotating adapter. By turning
the stopcock attached to the flush solution, the operator
can flush the catheter intermittently (e.g., every 3 minutes)
to clear blood. Turning this stopcock the other way permits
filling and flushing of the zero line or the pressure trans-
ducer. With this system, a frequency response that is flat
(5%) up to 20 Hz can be achieved routinely. If a reusable
(rather than disposable) transducer is employed, it may be
sterilized with gas or Cidex between uses.

The establishment of a zero reference is an important
practical undertaking that must be accomplished as a part of
each catheterization procedure. Midchest level is used

widely as zero reference, because fluoroscopic visualization
in a lateral projection confirms that the left ventricle and
aorta are generally located midway between the sternum
and the table top when the patient is supine. However, the
validity of choosing the midchest level for zero reference has
been challenged in an excellent study by Courtois et al. (9).
They carefully examined the influence of hydrostatic forces
(caused by the effects of gravity) and concluded that intra-
cardiac pressures should be referenced to an external fluid-
filled transducer aligned with the uppermost blood level in
the chamber where pressure is being measured. In practical
terms, for measurement of left ventricular and aortic pres-
sure, the zero level should be positioned approximately 5 cm
below the left sternal border at the fourth left intercostal
space (LICS). This eliminates the gravitational/hydrostatic
effect of a column of blood above the catheter tip and
within the ventricular chamber. Although the right ventricle
and left atrium are at different levels in the chest than the
left ventricle, Courtois et al. (9) calculated that the error
introduced by use of a point 5 cm below the fourth LICS, at
the left sternal border, is approximately 0.8 mm Hg for
chambers other than the left ventricle.

If a decision has been made to use the midchest level for
zero reference, each case should begin with measurement
of the patient’s anteroposterior (AP) thoracic diameter at
the level of the angle of Louis. This is done with the use of a
large square chest caliper (Picker Instruments), as illus-
trated in Fig. 7.10. The patient then lies supine on the
catheterization table and is draped and otherwise prepared
for catheterization (a 12-lead electrocardiogram is recorded,
skin sites are shaved and cleansed), and the zero level is
established on an adjustable pole attached to the side of the
table. This is accomplished with the use of a yardstick to
which a carpenter’s level has been taped. One end of the
yardstick is placed on the patient’s sternum at the angle of
Louis and the other end against the adjustable metal pole.
As illustrated in Fig. 7.10, the metal pole has a centimeter-
ruled tape attached to it, allowing identification of the level
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Figure 7.9 A practical system for pressure measurement with excellent frequency response. The
catheter is connected by a stopcock to a manifold, which is connected at its other end to a small-
volume fluid-filled pressure transducer. The manifold’s two sidearms are connected by fluid-filled
tubing to a zero-pressure reference level and to a pressurized flush solution.

Figure 7.8 Strain gauge connection of the Wheatstone bridge.
In this arrangement, if all resistances are equal, then exactly half
the voltage of battery B exists at the junction of G1 and G4 and half
at the junction of G2 and G3; therefore, no current will flow between
the output terminals. However, when pressure is applied to the
diaphragm (see Fig. 7.7), the resistances are unbalanced, so that
the junction of G1 and G4 becomes negative and a current flows
across the output terminals.



of midchest (one half of the patient’s AP diameter below the
angle of Louis). Alternatively, the yardstick with its level can
be used to identify the position on the metal pole that is
5 cm below the left sternal border at the fourth LICS. With
this technique, a Morse manifold (NAMIC, Medical
Products Division, Hudson Falls, NY) or similar device that
can be moved up and down the metal pole is set at either the
midchest level or 5 cm down from the fourth LICS; one end
of the zero line (clear polyethylene tubing) is connected to
the manifold, and the other end is connected to the pressure
measurement manifold (Fig. 7.9). The zero line, manifold,
and pressure transducer are next filled with saline from the
flush line so that the pressure transducer can be connected
directly with the zero line by the turn of a stopcock on the
pressure manifold. The pressure transducers are calibrated
by means of a mercury manometer attached to a free port on

the Morse manifold, 100 mm Hg pressure being transmitted
through the fluid-filled zero line to all pressure transducers
to be used in a particular case (e.g., left heart, right heart,
arterial monitor). Otherwise, the free port of the Morse
manifold is left open to air, in communication with the
individual zero lines of the various left and right heart man-
ifold systems by way of the series of stopcocks that consti-
tute the Morse manifold, thus referencing all the transducer
systems to a common zero level.

PHYSIOLOGIC CHARACTERISTICS 
OF PRESSURE WAVEFORMS

Reflected Waves

Recognizing the appearance of normal pressure waveforms
is a prerequisite to identifying abnormalities that character-
ize certain cardiovascular disorders. As shown in Fig. 7.11,
forward pressure and flow waves, as seen in the central
aorta, are intrinsically identical in shape and timing. The
pressure wave is modified by summation with a reflected
pressure wave (Pbackward), and the resultant measured central
aortic pressure wave shows a steady increase throughout
ejection (10,11). The flow wave is also modified by sum-
mation with a reflected flow wave (Fbackward), but because
flow is directional, Fbackward reduces the magnitude of flow
in late ejection, giving the characteristic Fmeasured as is seen
with aortic flowmeters or Doppler signals.

The reflections for pressure occur from many sites
within the arterial tree, but the major effective reflection
site in humans appears to be the region of the terminal
abdominal aorta (11). As seen in Fig. 7.12, ascending aortic
pressure is increased substantially within one beat after bilat-
eral occlusion of the femoral arteries by external manual
compression. High-speed recordings (Fig. 7.12, right)
show that the major part of the increase in pressure occurs
late in systole, consistent with an increase in the magni-
tude of the reflected pressure.

Various factors influence the magnitude of reflected
waves (Table 7.2). Pressure reflections are diminished dur-
ing the strain phase of the Valsalva maneuver (10), with the
result that pressure and flow waveforms become similar in
appearance (Fig. 7.13). After release of the Valsalva strain,
reflected waves return and are exaggerated. Therefore, the
commonly noted late-peaking appearance of central aortic
and left ventricular pressure tracings in humans (Fig. 7.14),
referred to as the type A waveform pattern (10), is a result
of strong pressure reflections in late systole. In addition to
the Valsalva maneuver, pressure reflections are diminished
during hypovolemia, hypotension, and in response to a
variety of vasodilator agents (Table 7.2). In these circum-
stances, the left ventricular and central aortic pressure
waves exhibit a type C pattern (Fig. 7.14). However, vaso-
constriction and hypertension may be expected to accentu-
ate the normal type A waveform. Because the contribution
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A

B

Figure 7.10 A. Technique for measurement of a patient’s antero-
posterior diameter (a), using a metal chest caliper. B. Establishment
of zero level. (See text for detailed explanation.)
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of reflections to the arterial pressure waveform should
move earlier in systole the closer one gets to the source of
the reflections, it is not surprising that the pressure peaks
earlier as the catheter is withdrawn from the central aorta
to the periphery (Fig. 7.15).

Reflected waves can be of substantial magnitude and are
increased in the patient with heart failure (12). Laskey and
Kussmaul (12) showed that reflected pressure waves were
increased in amplitude in 17 patients with heart failure
secondary to idiopathic dilated cardiomyopathy, often pro-
ducing an exaggerated dicrotic wave. The magnitude of
these reflections did not decrease consistently during exer-

cise, as is characteristic of the normal circulation. Infusion
of sodium nitroprusside intravenously markedly reduced
the magnitude of the reflected pressure waves and delayed
their timing; both these changes were deemed beneficial
with regard to left ventricular systolic load (12).

Wedge Pressures

A physiologic aspect of pressure measurement that has
been of interest for many years is the concept of the “wedge
pressure.” Broadly stated, a wedge pressure is obtained
when an end-hole catheter is positioned in a designated

Figure 7.11 Central aortic pressure (P) and flow (F) measured in a patient during cardiac catheter-
ization. Computer-derived forward and backward pressure and flow components are shown individ-
ually: Their sum results in the measured waves. (See text for discussion.) (From Murgo JP, Westerhof
N, Giolma JP, et al. Manipulation of ascending aortic pressure and flow wave reflections with Valsalva
maneuver: relationship to input impedance. Circulation 1981;63:122, with permission.)

Figure 7.12 Ascending aortic (ASC Ao) pressure waveform in a patient before and after bilateral
occlusion of the femoral arteries by external manual compression (left arrow). On the right, high-
speed recordings show that the major portion of the increase in pressure results from augmentation
of the late (reflected) wave. ECG, electrocardiogram. (From Murgo JP, Westerhof N, Giolma JP, et al.
Aortic input impedance in normal man: relationship to pressure wave forms. Circulation 1980;
62:105, with permission.)



blood vessel with its open end-hole facing a capillary bed,
with no connecting vessels conducting flow into or away
from the designated blood vessel between the catheter tip
and the capillary bed. A true wedge pressure can be measured
only in the absence of flow. In the absence of flow, pressure
equilibrates across the capillary bed so that the catheter tip

pressure is equal to that on the other side of the capillary
bed. If minimal damping occurs between the catheter tip
and the opposite side of the capillary bed—that is, if there
is a large, relatively dilated capillary bed, if the precapillary
arterioles and postcapillary venules are not constricted,
and if there is no other source of obstruction, such as the
presence of microthrombi–phasic as well as mean pressure
may be transmitted to the wedged catheter. Thus, an end-
hole catheter wedged in a hepatic vein may be used to
measure portal venous pressure; a catheter wedged in a
distal pulmonary artery measures pulmonary venous pres-
sure; and if it is wedged in a pulmonary vein. It measures
pulmonary artery pressure. The details involved in mea-
surement of pulmonary artery wedge pressure, commonly
termed pulmonary capillary wedge pressure, are discussed in
Chapter 5. Properly performed, this determination accu-
rately measures pulmonary venous pressure. In the absence
of cor triatriatum or obstruction to pulmonary venous out-
flow, the pulmonary venous and left atrial pressures are
equal, so that pulmonary artery wedge pressure may be
used as a substitute for left atrial pressure. Issues of damp-
ing and time delay need to be considered when using this
pressure to assess a transmitral gradient in a patient with
mitral stenosis or prosthetic valve obstruction. These issues
have been addressed by Lange et al. (13).
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Figure 7.13 Measurements of central aortic pressure (Pm) and flow (Fm) in a patient performing
Valsalva maneuver during cardiac catheterization. Control, Valsalva strain, and post–Valsalva release
tracings are shown. Pm is the sum of forward (Pf) and backward or reflected (Pb) pressure waves; Fm
is the sum of Ff and Fb. (See text for discussion.) (From Murgo JP, Westerhof N, Giolma JP, et al.
Manipulation of ascending aortic pressure and flow wave reflections with Valsalva maneuver: rela-
tionship to input impedance. Circulation 1981;63:122, with permission.)

FACTORS THAT INFLUENCE THE MAGNITUDE
OF REFLECTED WAVES

TABLE 7.2

Factors that augment pressure wave reflections
Vasoconstriction
Heart failure
Hypertension
Aortic or iliofemoral obstruction
Valsalva maneuver—after release

Factors that diminish pressure wave reflections
Vasodilation

Physiologic (e.g., fever)
Pharmacologic (e.g., nitroglycerin, nitroprusside)

Hypovolemia
Hypotension
Valsalva maneuver—strain phase



SOURCES OF ERROR AND ARTIFACT

Even when every effort has been made to design a pressure
measurement system with high sensitivity, uniform fre-
quency response, and optimal damping, distortions and
inaccuracies in the pressure waveform may occur. Some
common sources of error and artifact in clinical pressure
measurement include deterioration in frequency response,

catheter whip artifact, end pressure artifact, catheter impact
artifact, systolic pressure amplification in the periphery,
and errors in zero level, balancing, and calibration.

Deterioration in Frequency Response

Although frequency response may be high and damping
optimal during setup of the transducers, substantial deteriora-
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Figure 7.14 Left ventricular (LV) and
central aortic (Ao) pressure and aortic
flow velocity tracings in a patient at
the initiation of the strain phase of a
Valsalva maneuver. (See text for details.)
(From Murgo JP, Westerhof N, Giolma
JP, et al. Manipulation of ascending aor-
tic pressure and flow wave reflections
with Valsalva maneuver: relationship to
input impedance. Circulation 1981;63:
122, with permission.)

Figure 7.15 Pressure waveforms in a
patient undergoing cardiac catheteriza-
tion, as a function of distance from the
aortic valve (Ao V). Ao, aorta; ASC,
ascending; Hi D, high descending; MID
T, midthoracic; DIAP, diaphragmatic;
ABD, abdominal; TERM, just above aor-
tic bifurcation; ECG, electrocardiogram.
First vertical line marks onset of primary
(forward) pressure wave, which occurs
progressively later after the QRS com-
plex with increasing distance from the
aortic valve. Second vertical line marks
onset of secondary pressure rise asso-
ciated with the backward or reflected
pressure wave. See text for discussion.
(From Murgo JP, Westerhof N, Giolma JP,
et al. Aortic input impedance in normal
man: relationship to pressure wave forms.
Circulation 1980;62:105, with permission.)



tion in the characteristics can develop during the course of a
catheterization study. Air bubbles may be introduced into
the catheters, stopcocks, or tubing, or dissolved air may
come out of the saline solution used to fill the transducer
(just as dissolved air may come out of solution in a glass of
water allowed to stand unperturbed for a few hours). Even
the smallest air bubbles have a drastic effect on pressure
measurement because they cause excessive damping and
lower the natural frequency (by serving as an added com-
pliance). When the natural frequency of the pressure mea-
surement system falls, high-frequency components of the
pressure waveform (such as those that occur with intraven-
tricular pressure rise and fall) may set the system in oscilla-
tion, producing the ventricular pressure overshoot com-
monly seen in early systole and diastole (Figs. 7.4 and
7.16). Flushing out the catheter, manifold, and transducer
dispels these small air bubbles and restores the frequency
response of the pressure measurement system.

Catheter Whip Artifact

Motion of the tip of the catheter within the heart and great
vessels accelerates the fluid contained within the catheter.
Such catheter whip artifacts may produce superimposed
waves of 10 mm Hg. Catheter whip artifacts are particu-
larly common in tracings from the pulmonary arteries and
are difficult to avoid.

End Pressure Artifact

Flowing blood has a kinetic energy by virtue of its motion,
and when this flow suddenly comes to a halt, the kinetic
energy is converted in part into pressure. Therefore, an end-
hole catheter pointing upstream (e.g., radial or femoral
arterial pressure monitoring line) records a pressure that is
artifactually elevated by the converted kinetic energy. This
added pressure may range from 2 to 10 mm Hg.

Catheter Impact Artifact

Catheter impact artifact is similar but not identical to
catheter whip artifact. When a fluid-filled catheter is hit (e.g.,

by valves in the act of opening or closing or by the walls of
the ventricular chambers), a pressure transient is created.
Any frequency component of this transient that coincides
with the natural frequency of the catheter–manometer sys-
tem causes a superimposed oscillation on the recorded pres-
sure wave. Catheter impact artifacts are common with pigtail
catheters in the left ventricular chamber, where the terminal
pigtail may be hit by the mitral valve leaflets as they open in
early diastole.

Systolic Pressure Amplification in the
Periphery

When radial, brachial, or femoral arterial pressures are
measured and used to represent aortic pressure, it must be
remembered that peak systolic pressure in these arteries
may be considerably higher (e.g., by 20 to 50 mm Hg) than
peak systolic pressure in the central aorta (Fig. 7.17),
although mean arterial pressure will be the same or slightly
lower. There has been debate concerning the mechanism of
this amplification of systolic pressure. McDonald (5) and
Murgo (10,11) presented convincing evidence that the
change in waveform of arterial pressure as it travels away
from the heart is largely a consequence of reflected waves.
These waves, presumably reflected from the aortic bifurca-
tion, arterial branch points, and small peripheral vessels,
reinforce the peak and trough of the antegrade pressure
waveform, causing amplification of the peak systolic and
pulse pressures (Fig. 7.17). This phenomenon may mask
and distort pressure gradients across the aortic valve or left
ventricular outflow tract. Use of a double-lumen catheter
(e.g., double-lumen pigtail) allows measurement of left
ventricular and central aortic pressures simultaneously,
thus avoiding this problem. Another method is the trans-
septal technique with a second catheter in the central aorta
(see Chapter 4). Finally, special attention to performing
careful pullback tracings may also help the operator to
avoid this particular error.

The operator should record central aortic pressure
together with peripheral arterial pressure routinely, imme-
diately before entering the left ventricle during retrograde
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Figure 7.16 Left ventricular (LV) pressure sig-
nals as recorded with a micromanometer and with
a system using long, fluid-filled tubing and sev-
eral interposed stopcocks between the pressure
transducer and the 7F NIH catheter. The micro-
manometer tracing is labeled A, and the fluid-
filled catheter tracing is labeled B. Note both the
early diastolic and the early ejection phase over-
shoots recorded with the fluid-filled catheter,
indicating a poor frequency response, especially
in the graph on the left.



left heart catheterization. If this tracing shows a reverse gra-
dient (peak systolic pressure in periphery higher than in
central aorta), the amount of this pressure difference must
be considered when subsequent comparisons of left ven-
tricular and systemic arterial pressure are made for the
detection of aortic or subaortic stenosis. The peripheral
arterial systolic pressure may commonly appear to be 20
mm Hg higher than the left ventricular systolic pressure as
a result of this phenomenon. This pressure amplification
in the periphery is particularly marked in the radial artery
(Fig. 7.17), especially if there is also some end pressure
artifact, and may mask the presence of aortic stenosis. If
any doubt exists concerning the presence of a true pressure
gradient, either a double-lumen left heart catheter or a sec-
ond central aortic catheter should be introduced to mea-
sure accurately the gradient across the aortic valve.

Errors in Zero Level, Balancing, or Calibration

Error in the quantitation of pressures because of improper
zero reference is common. As mentioned earlier, in many
laboratories the zero reference point is taken at the mid-
chest with the patient supine, although some laboratories
use a point 10 cm vertically up from the back or 5 cm ver-
tically down from the sternal angle. All manometers must
be zeroed at the same point (Fig. 7.10), and the zero refer-
ence point should be changed if the patient’s position is

changed during the course of the study (e.g., if pillows are
placed to prop up the patient). Transducers should be cal-
ibrated before each period of use: Electrical calibration
signals and calibration factors can usually be relied on as a
substitute for mercury calibration, but they should be con-
firmed regularly against a standard mercury reference.
Linearity of response should be checked by using mercury
inputs of 25, 50, and 100 mm Hg. If possible, all transduc-
ers should be exposed to the calibrating system simultane-
ously to avoid false gradients caused by unequal amplifi-
cation of the same pressure signal. In the system described
here (Fig. 7.10), a bubble in the zero-reference line can
result in a false zero level; therefore, in tracking down an
unexpected pressure gradient, flushing of the zero line is
an important initial step. If the unexpected gradient per-
sists, catheter attachments should be switched between
the two involved manifolds. An artifactual gradient reverses
direction, whereas a true gradient persists after this
maneuver.

MICROMANOMETERS

To reduce the mass and inertia of the pressure measure-
ment system, improve the frequency response characteris-
tics, and decrease artifacts associated with overdamping
and catheter whip, miniaturized transducers have been
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Figure 7.17 Transformation of arterial pressure
waveform with transmission to the periphery in a
healthy 30-year-old man. Onsets of pressures are
aligned for comparison. As the pulse wave moves
peripherally, the upstroke steepens and increases
in magnitude, giving the pressure a spiky appear-
ance. The horizontal line intersecting onset of each
pulse contour is a calibration reference of 90 mm
Hg. (From Marshall, HW, et al. Physiologic conse-
quences of congenital heart disease. In: Hamilton
WF, Dow P, eds. Handbook of Physiology: section
2. Circulation, vol. 1. Washington DC: American
Physiologic Society, 1962:417.)



developed that fit on the distal tip of standard catheters
and therefore may be used as intracardiac manometers
(Figs. 7.4 and 7.16). Several models are commercially
available, but many still have major technical shortcom-
ings, such as fragility, electrical drift problems, temperature
sensitivity, and inability to withstand the usual catheter
sterilization techniques. Particularly reliable catheter-tip
manometers are made by Millar Instruments. Available
modifications of this catheter have multiple side holes and
therefore permit angiography and high-fidelity pressure
measurement through the same catheter. A modification of
this catheter has a pigtail tip. The catheter may be subjected
to gas sterilization (ethylene oxide) along with other
catheters and instruments, and it may be calibrated exter-
nally at room temperature because its response characteris-
tics are not appreciably affected by temperature changes
over a wide range. In addition, modifications are available
with electromagnetic flow velocity sensors and other spe-
cial capabilities for research applications. Some laborato-
ries have used a disposable high-fidelity transducer
catheter and have shown that the pressures measured with
these catheters are superior in waveform and accuracy to
those measured with standard techniques (14).

For accurate measurement of the rate of ventricular pres-
sure rise (dP/dt) and other parameters of myocardial perfor-
mance occurring during the first 40 to 50 microseconds of
ventricular systole, high frequency-response characteristics
are necessary. Although there is some debate on this subject
(15), micromanometer-tipped catheters are generally
required in patient studies when myocardial mechanics are
being examined. Gersh et al. (16) published a careful study
on the physical criteria for measurement of left ventricular
pressure and its first derivative. They showed that pressure
measurement flat to 5% of the first 20 harmonics of the
left ventricular pressure curve is required for accurate repro-
duction of the amplitude of maximal dP/dt. In their study,
accuracy to six harmonics led to a 20% underestimation of
peak dP/dt. At a heart rate of 80 bpm, the fundamental fre-
quency is 80/60, or 1.33 Hz, and the 20th harmonic is 26.7
Hz. As seen in Fig. 7.6, this may be possible to achieve with
a short, wide-bore catheter attached directly to the pressure

transducer, with optimal damping. If the heart rate increases
to 100 bpm, however, the 20th harmonic becomes 100/60 �
20, or 33.3 Hz, which exceeds the capacity for even this opti-
mal fluid-filled system. Therefore, to minimize the chance of
error, micromanometer catheters should be used exclusively
when dP/dt is being measured. Examples of pressure record-
ings taken with and without micromanometer-tipped
catheters may be seen in Figs. 7.4 and 7.16.
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8Blood Flow

Measurement: Cardiac

Output and Vascular Resistance

William Grossman

The maintenance of blood flow commensurate with the
metabolic needs of the body is a fundamental requirement
of human life. In the absence of major disease of the vascu-
lar tree (e.g., arterial obstruction), the maintenance of
appropriate blood flow to the body depends largely on the
heart’s ability to pump blood in the forward direction. The
quantity of blood delivered to the systemic circulation per
unit time is termed the cardiac output, generally expressed
in liters per minute.

ARTERIOVENOUS DIFFERENCE AND
EXTRACTION RESERVE

Because the extraction of nutrients by metabolizing tissues
is a function not only of the rate of delivery of those nutri-
ents (the cardiac output) but also of the ability of each tis-
sue to extract those nutrients from the circulation, tissue
viability can be maintained despite a fall in cardiac output
as long as there is increased extraction of required nutri-
ents. The extraction of a given nutrient (or of any sub-
stance) from the circulation by a particular tissue is
expressed as the arteriovenous difference across that tissue,
and the factor by which the arteriovenous difference can
increase at constant flow (owing to changes in metabolic
demand) may be termed the extraction reserve. For example,
arterial blood in humans is normally 95% saturated with
oxygen; that is, if 1 L of blood has the capacity to carry
approximately 200 mL of oxygen when fully saturated,
arterial blood will usually be found to contain 190 mL of

oxygen per liter (190/200 � 95%). Venous blood returning
from the body normally has an average oxygen saturation
of 75%; that is, mixed venous blood generally contains
150 mL of oxygen per liter of blood (150/200 � 75%).
Thus the normal arteriovenous difference for oxygen is
40 mL/L (190 mL/L � 150 mL/L).

The normal extraction reserve for oxygen is 3, which
means that under extreme metabolic demand, the body’s
tissues can extract up to 120 mL of oxygen (3 � 40 mL)
from each liter of blood delivered (1). Thus if arterial satu-
ration remains constant at 95%, full use of the extraction
reserve will result in a mixed venous oxygen content of
70 mL/L (190 mL/L � 120 mL/L) or a mixed venous oxy-
gen saturation of 35% (70/200 � 35%). This is essentially
the value found for mixed venous (i.e., pulmonary artery)
oxygen saturation in normal men studied at maximal exer-
cise. The relation between cardiac output and arteriove-
nous O2 difference is illustrated in Fig. 8.1.

Lower Limit of Cardiac Output

The value of 3 for the oxygen extraction reserve predicts that
in progressive cardiac decompensation, meeting the basal
oxygen requirements of the body demands that oxygen
extraction increases as cardiac output falls until the arteri-
ovenous oxygen difference has tripled and cardiac output
has fallen to one-third of its normal value (Fig. 8.1). Because
the extraction reserve has now been used fully, further reduc-
tion of cardiac output will result in tissue hypoxia, anaerobic
metabolism, acidosis, and eventually, circulatory collapse.



This prediction appears to be quite accurate; clinical investi-
gators have observed for many years that a fall in resting
cardiac output to below one-third of normal (i.e., a cardiac
index of �1.0 L/minute per m2) is incompatible with life.

Upper Limit of Cardiac Output

Several studies have indicated that the largest increase in
cardiac output that can be achieved by a trained athlete
at maximal exercise is 600% of the resting output. If a
normal 70-kg man has a cardiac output of 5 L/minute or
3.0 L/minute per m2, his maximal cardiac output might be
as high as 30 L/minute (18 L/minute per m2). Because car-
diac output increases approximately 600 mL for each 100-
mL increase in oxygen requirements of the body, an
increase in cardiac output of 25 L/minute with maximal
exercise would suggest an increase in total-body oxygen
requirements of 4,167 mL/minute, which is approximately
an 18-fold increase over the normal resting value of 250 mL/
minute. The 18-fold increase in total-body oxygen require-
ments is met by the combined sixfold increase in oxygen
delivery (i.e., cardiac output) and threefold increase in oxy-
gen extraction (extraction reserve). These relations are
illustrated in Fig. 8.1.

Factors Influencing Cardiac Output in 
Normal Subjects

The range of the “normal” cardiac output is difficult to
define with precision because it is influenced by several
variables. Obviously, body size is important, and the
ranges of normal values for cardiac output of 2-year-old
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children, 10-year-old children, and 50-year-old men are so
different that they show only minimal overlap. For this rea-
son, normalization of the cardiac output for differing body
size is considered fundamental by all students of this sub-
ject, although there is disagreement about the best way to
accomplish this normalization. Because cardiac output
seems to be predominantly a function of the body’s oxygen
consumption or metabolic rate (1,2) and because meta-
bolic rate was thought to correlate best with body surface
area (3,4), it has become customary to express cardiac
output in terms of the cardiac index ([liters/minute]/
[body surface area, m2]). Body surface area is not measured
directly, but is instead calculated from one of the experi-
mentally developed formulas, such as that of Dubois (4).

Body surface area (m2) � 0.007184 �

weight0.425 (kg) � height0.725 (cm) (8.1)

Despite the shortcomings and weaknesses of this
approach to normalization of the cardiac output (1,5), the
method has gained nearly universal acceptance by clini-
cians over the past 40 years and will be used throughout
this book. A chart to aid calculation of body surface area (if
weight and height are known) appears in Fig. 8.2.

Although expression of cardiac output as the cardiac
index greatly narrows the range of normal values among
our groups of 2-year-old children, 10-year-old children,
and 50-year-old men, it does not completely abolish the
differences in these ranges. In fact, the normal cardiac out-
put appears to vary with age, steadily decreasing from
approximately 4.5 L/minute per m2 at age 7 years to 2.5
L/minute per m2 at age 70 years (1,6). This is not surpris-

Figure 8.1 Relationship between
arteriovenous oxygen (AV O2) differ-
ence (broken line) and cardiac index
(solid curve) in normal subjects at rest
(center) and during exercise (right),
and in the patient with progressively
worsening myocardial failure (left).
(See text for discussion.)



ing, because it is well known that the body’s metabolic rate
is affected greatly by age, being highest in childhood and
progressively diminishing to old age.

In addition to age, cardiac output is affected by posture,
decreasing approximately 10% when a person rises from a
lying to a sitting position and approximately 20% when a
person rises (or is tilted) from a lying to a standing posi-
tion. Also, body temperature, anxiety, environmental heat
and humidity, and a host of other factors influence the
normal resting cardiac output (1), and these must be con-
sidered in interpreting any value of cardiac output mea-
sured in the clinical setting.

Techniques for Determination 
of Cardiac Output

Of the numerous techniques devised over the years to mea-
sure cardiac output, two have won general acceptance in
cardiac catheterization laboratories: the Fick oxygen tech-
nique and the indicator dilution technique. Both techniques
are similar in that they are based on the theoretical principle
enunciated by Adolph Fick (7) in 1870. The principle, which
was never actually applied by Fick, states that the total
uptake or release of any substance by an organ is the prod-
uct of blood flow to the organ and the arteriovenous
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Figure 8.2 Nomogram for calculation of body surface area given the weight and height of the
patient. From the formula of Dubois (4).



concentration difference of the substance. For the lungs, the
substance released to the blood is oxygen, and the pul-
monary blood flow can be determined by knowing the arte-
riovenous difference of oxygen across the lungs and the
oxygen consumption per minute.

Fick’s principle is illustrated in Fig. 8.3. In this figure, a
train is passing by a hopper that is delivering marbles to
the boxcars at a rate of 20 marbles per minute. If the box-
cars each contain 16 marbles before passing under the
hopper and 20 marbles after passing under the hopper,
each boxcar is picking up four marbles and must be tak-
ing only 0.20 minute to pass under the hopper, because it
would pick up 20 marbles in each full minute under the
hopper. If each boxcar takes 0.20 minute to pass by the
hopper, the train is moving at a speed sufficient to deliver
five boxcars per minute to any point down the line. This
could have been calculated as shown in Fig. 8.3:

Train’s speed (boxcars/minute)

� marble delivery rate (marbles/minute)

� ”AV” marble difference (marbles/boxcar)

� (20 marbles/minute)/(4 marbles/boxcar)

� 5 boxcars/minute

If one boxcar is 1 L of blood and each marble is 10 mL
of oxygen, then we have an arteriovenous O2 difference of
40 mL/L, an oxygen consumption of 200 mL/minute, and
a cardiac output of 5 L/minute.

Fick Oxygen Method

In the Fick oxygen method, pulmonary blood flow should be
determined ideally by measuring the arteriovenous differ-
ence of oxygen across the lungs and the rate of oxygen uptake
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Figure 8.3 Illustration of Fick’s principle. A train, representing the circulation, passes by a
hopper (the lungs) that delivers marbles (oxygen) to the train’s boxcars at a rate of 20 marbles
per minute. Because the boxcars each contain 16 marbles before and 20 marbles after passing
under the hopper, each boxcar is picking up 4 marbles and must be taking only 0.20 minute to
pass under the hopper, since it would pick up 20 marbles in each full minute under the hopper.
If each boxcar takes only 0.20 minute to pass by the hopper, the train is moving at a speed suf-
ficient to deliver 5 boxcars per minute to any point down the line. This could have been calcu-
lated as 

Train’s speed (boxcars/minute) � marble delivery rate (marbles/minute)/”AV” marble differ-
ence (marble/minute) 

� (20 marbles/minute)/(4 marbles/boxcar) 

� 5 boxcars/minute 

If one boxcar is 1 L of blood and each marble is 10 mL of oxygen, then we have an arteri-
ovenous oxygen difference of 40 mL/L, an O2 consumption of 200 mL/minute, and a cardiac
output of 5 L/minute. (Illustration kindly provided by Jennifer Grossman, age 11.)



by blood from the lungs. If there is no intracardiac shunt and
pulmonary blood flow is equal to systemic blood flow, the
Fick oxygen method also measures systemic blood flow.
Thus, cardiac output equals oxygen consumption divided by arteri-
ovenous oxygen difference.

In actual practice, the rate at which oxygen is taken up
from the lungs by blood is not measured, but rather the
uptake of oxygen from room air by the lungs is measured,
because in a steady state these two measurements are equal.
Furthermore, arteriovenous oxygen difference across the
lungs is not measured directly. Generally, pulmonary arterial
blood (true mixed venous blood) is sampled, but pul-
monary venous blood is not sampled. Instead, left ventricu-
lar or systemic arterial blood is sampled and assumed to
have an oxygen content representative of mixed pulmonary
venous blood. Actually, because of bronchial venous and
thebesian venous drainage, the oxygen content of systemic
arterial blood is commonly 2 to 5 mL/L of blood lower
than pulmonary venous blood as it leaves the alveoli.

Oxygen Consumption

Two different methods for measurement of oxygen con-
sumption are widely used today: the polarographic method
and the paramagnetic method. The older Douglas bag
method is rarely used, and interested readers are referred to
earlier editions of this book for details.

Oxygen consumption may be measured using the meta-
bolic rate meter (MRM), made by Waters Instruments
(Rochester, MN), or the Deltatrac II, made by SensorMedics
(Yerba Linda, CA). The MRM instrument contains a polaro-
graphic oxygen sensor cell (gold and silver/silver chloride
electrodes), a hood or face mask, and a blower of variable

speed connected to a servo control loop with the oxygen
sensor (Fig. 8.4). This device is convenient and accurate and
represents a significant advance over the older, standard
procedure of collecting expired air for 3 minutes in a
Douglas bag and measuring volume (Tissot spirometer)
and oxygen content. The principle of operation for the
MRM involves using a variable-speed blower to maintain a
unidirectional flow of air from the room through the hood
and via a connecting hose to the polarographic oxygen-
sensing cell. As illustrated in Fig. 8.4, room air enters the
hood at a rate (mL/minute), which is determined by
the blower’s discharge rate (mL/minute), as well as the
patient’s ventilatory rate ( , inhaled air in mL/minute; ,
exhaled air). The blower speed is controlled by a servo
loop designed to maintain the oxygen content of air flow-
ing past the polarographic cell constant at a predetermined
value. In a steady state, the average value of together with
the oxygen content of room air and of air flowing past the
polarographic cell can be used to calculate the patient’s oxy-
gen consumption, as follows:

The patient’s oxygen consumption V�O2 is given by

(8.2)

where FRO2 and FMO2 are the fractional contents of oxygen
in room air and in air flowing past the polarographic cell,
respectively.

As can be seen from Fig. 8.4,

(8.3)

which can be rewritten as

(8.4)V� R � V� M � V� i � V� E

V� M � V� R � V� i � V� E

V�O2
� (FRO2�V

�
R) � (FMO2�V

�
M)

V�M

V�M

V�EV�i

V�M

V�R
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Figure 8.4 Measurement of O2 consumption by a polarographic cell technique using the Waters Instruments metabolic rate meter (MRM).
A transparent hood fits snugly over the patient’s head, resting on a pillow. Air enters the hood through holes in a plastic sheet at a flow rate
of . The patient’s inspiratory and expiratory flow rates subtract and add to to yield , the flow rate leaving the hood and enter-
ing the servo unit. A blower motor in the servo unit adjusts to keep the O2 sensed by a polarographic cell constant. (See text for details.)V�M

V�MV�R(V�E)(V�I)V�R



Substituting this in Eq. (8.2) gives

(8.5)

Because the fractional content of oxygen in room air
(FRO2) is 0.209, oxygen consumption is given by

(8.6)

Thus in a steady state (where V� i � V� E is constant), oxy-
gen consumption can be determined by measuring the vol-
ume rate of air moved by the blower motor (V�M) and the
fractional oxygen content of air moving past the polaro-
graphic sensor. In the MRM, a servo-controlled system
adjusts V� M to keep FMO2 at a constant predetermined value.
In practice, FMO2 is set at 0.199 so that Eq. (8.6) becomes

(8.7)

For practical purposes, the respiratory quotient (RQ) is
assumed to be 1.0; accordingly, V� i � V� E and V�O2

� 0.01
V� M. If the RQ is actually 0.9 (e.g., the patient releases 0.9 L
of CO2 for each liter of O2 consumed), the error in V�O2

resulting from the assumption of an RQ of 1.0 is 1.6%,
and if RQ is 0.8, the error is 3.2%. The MRM O2 con-
sumption monitor has a calibrated blower motor in addi-
tion to the servo-control polarographic sensor and gives a
readout of oxygen consumption in liters per minute by
digital scale (MRM-2) or by meter and paper (MRM-1).
The MRM-2 model is calibrated to be highly accurate in
the oxygen consumption range from 10 to 1,000 mL
O2/minute and is thus best suited for measurement of
resting O2 consumption in the catheterization laboratory.
The MRM-1 model, which is calibrated in the range of
150 to 5,000 mL O2/minute, is best suited for exercise
studies.

The SensorMedics Deltatrac II differs from the Waters
Instruments MRM device in several aspects. First, it is more
sophisticated than the MRM and directly measures the
fractional content of oxygen as well as the concentration of
carbon dioxide in expired flow, and thus calculates the RQ
of each patient. The SensorMedics device is calibrated prior
to each period of use with a cylinder containing a test gas
of 95% oxygen and 5% carbon dioxide. The SensorMedics
device uses a constant flow rate V� M leaving the canopy or
hood and entering the metabolic monitor unit. The sen-
sors in this unit measure oxygen (paramagnetic sensor)
and carbon dioxide (infrared sensor), and the unit adjusts
for temperature and the partial pressure of water vapor,
expressing O2 consumption and CO2 production at stan-
dard temperature and pressure and dry (STPD; dry gas at
O	C and 760 mm Hg).

V�O2
� 0.01 V�M � 0.209(V�i � V�E).

V�O2
� V�M(0.209 � 0.199) � 0.209(V�i � V�E)

V�O2
� V�M(0.209 � FMO2) � 0.209(V�i � V�E)

� V�M(FRO2 � FMO2) � FRO2(V
�

i � V�E)

� FRO2(V
�

M) � FMO2(V
�

M) � FRO2(V� i) � FRO2(V
�

E)

VO2
� FRO2(V�M � V�i � V�E) � FMO2�V�M

Both the Waters Instruments and SensorMedics devices
are relatively easy to use, although a fair amount of atten-
tion to detail is required to obtain reproducible readings
consistently. A study by Lange et al. (8), however, found
that values of oxygen consumption measured by metabolic
rate meter (MRM-2, Waters Instruments, Rochester, MN)
were significantly lower than those measured using the
standard Douglas bag technique, mentioned previously.

Arteriovenous Oxygen Difference

The arteriovenous oxygen difference across the lungs must
be measured to calculate cardiac output by Fick’s principle,
and this can be accomplished by the following method.
From appropriately positioned catheters, systemic arterial
and mixed venous (pulmonary arterial) blood samples are
obtained during the period when O2 consumption is being
measured. The samples are drawn into heparinized
syringes and capped quickly. If the patient has received
heparin systemically, the syringes for collection of these
blood samples need not be heparinized. If the samples will
be analyzed immediately by oximetry, plastic syringes may
be used. O2 may diffuse through the walls of plastic syringes,
however, and glass syringes are considered preferable by
some if there will be a delay in oximetric analysis of the
blood. In a test in my laboratory, no appreciable increase in
O2 saturation of venous blood could be detected over 2
hours. (A capped plastic 15-mL syringe filled with venous
blood sitting at room temperature was sampled every 15
minutes for oximetry.) The samples should be drawn simul-
taneously and as close to the midpoint of the oxygen con-
sumption determination as possible. Care must be taken to
avoid contamination of the blood samples with air bubbles.

Oxygen content (in milliliters of oxygen per liter of
blood) can be determined by a variety of methods, the
most classic of which (and the one that serves as a standard
for all others) is the manometric technique of Van Slyke
and Neill (9). The major drawback of the Van Slyke and
Neill technique is that 15 to 30 minutes are required to run
a single blood sample. The different devices for oximetry
measurement have been studied and compared by
Shepherd and McMahan (9). The older Van Slyke method-
ology is rarely used today, and the Lex-O2-Con fuel cell
technique is no longer available. Devices in widespread use
today are of the co-oximeter class and either hemolyze the
blood sample (by ultrasonic or chemical techniques) or
use whole blood; both types of co-oximeter depend on
spectrophotometric measurement of the percent oxygen
saturation of hemoglobin. Several devices in use today
have been demonstrated to be accurate (9), including the
Radiometer OSM2 and AVOXimeter 1000 (A-Vox Systems,
San Antonio, TX) devices. Using these devices, oximetry of
heparinized blood samples is simple and quick and mea-
sures the percentage of hemoglobin present as oxyhemo-
globin. This percentage, multiplied by the theoretical
oxygen-carrying capacity of the patient’s blood, yields the
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calculated oxygen content of that sample (Fig. 8.5). A for-
mula for approximating the theoretical oxygen-carrying
capacity in humans is

Hemoglobin (g/dL) 

� 1.36 (mL O2/g of hemoglobin) (8.8)

� 10 � theoretical O2

� carrying capacity (mL O2/liter of blood)

In several textbooks the constant is given as 1.34, but
studies on crystalline human hemoglobin suggest that the
correct number may be 1.36 (10,11). Whatever its correct
value, the formula is only an approximation. The steps of
Fig. 8.5 may be used to calculate oxygen content of blood
samples and arteriovenous oxygen difference when the
spectrophotometric oximeter method is used. Oxygen con-
tents of arterial and mixed venous blood samples are cal-
culated as the percentage of oxyhemoglobin saturation of
these samples multiplied by the oxygen-carrying capacity
(steps 2 to 5, Fig. 8.5). The arteriovenous oxygen difference
(step 3 minus step 5, Fig. 8.5) may then be divided into the
oxygen consumption to yield the cardiac output. Current
oximeters, such as the AVOXimeter 1000, illuminate a very
small sample of heparinized blood (volume, 50 mL) with
light of multiple wavelengths and record the optical den-
sity of each transmitted wavelength. This approach allows
estimation of total hemoglobin concentration as well as
the concentrations of various components: oxyhemoglo-
bin, methemoglobin, and carboxyhemoglobin. This per-
mits instantaneous calculation of oxygen content, which is
displayed on the oximeter’s liquid crystal display (LCD)
screen. This value can then be entered directly in steps 3, 5,
and 6 of Fig. 8.5.

Arterial blood may be taken from a systemic artery, the
left ventricle, the left atrium, or the pulmonary veins.
Theoretically, pulmonary venous blood is preferable to
peripheral arterial blood for the arteriovenous oxygen differ-

ence calculations. However, except in the presence of a right-
to-left intracardiac shunt, pulmonary venous oxygen content
may be approximated by systemic arterial oxygen content,
ignoring the small amount of venous admixture resulting
from bronchial and thebesian venous drainage. If arterial
desaturation (e.g., arterial blood oxygen saturation �95%) is
present, a central right-to-left shunt should be excluded
before accepting systemic arterial oxygen content as represen-
tative of pulmonary venous blood. Techniques for detecting
and quantifying such shunts are described in Chapter 9.

The most reliable site for obtaining mixed venous
blood is the pulmonary artery. Because of streaming and
incomplete mixing, using blood from more proximal
sites such as the right atrium or vena cavae as representa-
tive of mixed venous blood is much less accurate (12,13).
Right ventricular blood is closer to true mixed venous
blood and may be substituted for pulmonary arterial
blood if necessary.

Sources of Error

The techniques described for cardiac output measurement
by application of Fick’s principle assume that a steady state
exists (i.e., that the cardiac output and oxygen consump-
tion are constant during the period of measurement).
Therefore strict quiet, calm, and decorum must be main-
tained in the cardiac catheterization laboratory during this
time to encourage the achievement of a steady state condi-
tion. Potential errors in the determination of cardiac output
by the Fick oxygen technique may come from a number of
sources.

The spectrophotometric determination of blood oxygen
saturation may introduce inaccuracies related to carboxyhe-
moglobin or other abnormal hemoglobins, as discussed pre-
viously. This method also may be inaccurate if indocyanine
green dye is present in the circulation, although the newer
oximeters are not affected by this problem. Reflectance
oximetry, as performed on whole blood, is accurate in the
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Step 1. Theoretic oxygen-carrying capacity:

Hemoglobin (gm/dL)� 1.36 (mL of O2/gm of Hb) � 10 � mL O2/L blood

Step 2. Saturation of arterial (BA, FA, Ao) blood � %

Step 3. Oxygen content of arterial blood:

Theoretic capacity � % saturation � mL/L
(step 1) (step 2)

Step 4. Saturation of mixed venous (PA) blood � %

Step 5. Oxygen content of mixed venous blood:

Theoretic capacity � % saturation � mL/L
(step 1) (step 4)

Step 6. AV O2 difference:

Arterial O2 content � venous O2 content � mL/L
(step 3) (step 5)

Figure 8.5 Calculation of oxygen
content and AV oxygen difference
when using the reflectance oximetry
method.



range of blood oxygen saturations from 45 to 98%, but may
not be reliable when blood O2 saturation is �40%, as is the
case in pulmonary artery blood from patients with very low
cardiac output or during strenuous exercise.

Improper collection of the mixed venous blood sample
(e.g., air bubbles) is a common source of error. Partial con-
tamination of pulmonary arterial blood with pulmonary
capillary wedge blood may result in a falsely high mixed
venous oxygen content. If the mixed venous blood sample
is taken from the right atrium, inferior vena cava, coronary
sinus, or similar sites, a falsely low or high value for arteri-
ovenous difference may result. Also, care must be taken not
to dilute the blood sample with too much heparinized
saline solution.

The average error in determining oxygen consumption
has been estimated to be approximately 6% (13). The
error for arteriovenous oxygen difference has been esti-
mated at 5% (14,15). Narrow arteriovenous oxygen differ-
ences are more prone to introduce error than wide arteri-
ovenous oxygen differences. Thus the Fick oxygen method
is most accurate in patients with low cardiac output, in
whom the arteriovenous oxygen difference is wide. The
total error in determination of the cardiac output by the
Fick oxygen method has been established to be about
10% (16).

Does oxygen consumption actually need to be mea-
sured? To avoid the technical difficulties and expense asso-
ciated with measurement of oxygen consumption, some
laboratories assume that O2 consumption can be pre-
dicted from the body surface area, with or without a cor-
rection for age and sex. Thus, some laboratories assume
that resting O2 consumption is 125 mL/m2, or 110 mL/m2

for older patients. The validity of such an assumption has
been addressed in a study from the University of Texas at
Dallas (17). Cardiac output was determined by the indica-
tor dilution technique, and O2 consumption was calcu-
lated by dividing cardiac output by arteriovenous oxygen
difference, which was measured directly. In the 108
patients studied, the O2 consumption index averaged 126 
26 mL/minute per m2 (mean  standard deviation), but
there was wide variability as indicated by the standard
deviation, and the authors concluded that O2 consump-
tion varies greatly among adults at the time of cardiac
catheterization. In another study from Bristol Royal
Infirmary in the United Kingdom (18), direct measure-
ment of O2 consumption was compared with assumed val-
ues in 80 patients (aged 38 to 78 years). Large discrepan-
cies were evident, with more than half the values differing
by more than 10% and several by 25% or more. Thus,
assumed values for O2 consumption are likely to introduce
considerable error.

Indicator Dilution Methods

The indicator dilution method is merely a specific applica-
tion of Fick’s general principle. In the Fick oxygen method,

the indicator is oxygen, the site of injection is the lungs,
and the injection procedure is that of continuous infusion.
Stewart (19) was the first to use the so-called indicator
dilution method for measuring cardiac output; he used the
continuous-infusion technique and reported his first stud-
ies in 1897.

There are two general types of indicator dilution methods:
the continuous-infusion method and the single-injection
method. The single-injection method is the most widely
used and is discussed here in detail. The fundamental
requirements for this method include the following:

A bolus of nontoxic indicator substance is injected; the
substance mixes completely with blood, and its con-
centration can be measured accurately.

The indicator substance is neither added to nor sub-
tracted from the blood during passage between injec-
tion and sampling sites.

Most of the indicator must pass the site of sampling
before recirculation begins.

The indicator substance must go through a portion of
the central circulation where all the blood of the
body becomes mixed.

For the single-injection method, theoretical considera-
tions may be summarized as follows: An injection of a
specified amount of an indicator, I, into a proximal vessel
or chamber (e.g., the vena cava or right atrium for the ther-
modilution method and the pulmonary artery for the
indocyanine green dye method) is followed by continuous
measurement of the indicator concentration C in blood as
a function of time, t, at a point downstream from the injec-
tion (e.g., pulmonary artery for thermodilution technique
and radial or femoral artery for the indocyanine green dye
method). Because all the injection indicator I must pass
the downstream measurement site,

(8.9)

where is the volume flow (in milliliters per minute)
between the sites of injection and measurement. Thus 
(which is the cardiac output in the methods to be
described) may be calculated as

(8.10)

Numerous indicators have been used successfully, and
the history of this subject is reviewed thoroughly by
Guyton et al. (1). Indocyanine green previously had enjoyed
long-standing acceptance in clinical practice but is rarely
used today for routine measurement of cardiac output.
Accordingly, it will not be discussed here and the interested
reader is referred to previous editions of this textbook. We
will only discuss thermodilution (in which “cold” is the
indicator), which is now the dominant technique.

Q� �
I

�
q

0

C(t)dt

Q�
Q�

I � Q� �
q

0

C(t)dt
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Thermodilution Method

A thermal indicator method for measuring cardiac output
was first introduced by Fegler (20) in 1954 but was not
applied to the clinical situation until the work of
Branthwaite and Bradley (21) and Ganz et al. (22,23). In
the initial report by Ganz et al. (22), two thermistors were
used: one in the superior vena cava at the site at which the
cold dextrose solution was injected into the bloodstream
and a second downstream thermistor in the pulmonary
artery. These two thermistors allowed accurate measure-
ment of the temperature of the injectate TI as well as the
temperature of blood TB downstream from the injectate.
Using the basic indicator dilution equation, the cardiac
output by thermodilution COTD in milliliters is given as

(8.11)

where VI � volume of injectate (mL) and SB, SI, CB, and CI

are the specific gravity and specific heat of blood and injec-
tate, respectively. When 5% dextrose is used as an indica-
tor, SI � CI/SB � CB � 1.08. Most commercially available
thermodilution systems use a single thermistor only,
placed at the downstream site, and assume that the tem-
perature of the injectate (measured in a bowl before injec-
tion) increased by a predictable amount (catheter warm-
ing) during injection. The calculated cardiac output by the
thermodilution equation is multiplied by an empirical cor-
rection factor (0.825) to correct for the catheter warming
(23). However, a recent report (24) has demonstrated that
improved accuracy and precision can be obtained with the
thermodilution technique when cardiac output is mea-
sured using a dual-thermistor catheter system. These inves-
tigators used a specialized dual-thermistor right heart
catheter, constructed with a second thermistor positioned
to measure temperature at the point where the injectate
exits the catheter in the right atrium. This takes into
account any warming of the injectate that may take place as
it travels from the injectate syringe to the point of exit from
the catheter in the right atrium. This technique provided
substantially less measurement variability and better agree-
ment with simultaneously measured Fick cardiac output
(the latter determined using a 5-minute Douglas bag col-
lection of expired air and paired blood samples from pul-
monary and femoral arteries).

The thermodilution method for measuring cardiac out-
put has several advantages over the indocyanine green dye
method, and these include the following:

1. It does not require withdrawal of blood.
2. It does not require an arterial puncture.
3. An inert and inexpensive indicator is used.
4. There is virtually no recirculation, making computer

analysis of the primary curve simple.

COTD �
VI(TB � TI)(SI�CI/SB�CB)60(sec/min)

�
q

0

¢ TB(t)dt

Sources of Error

1. The method is unreliable in the presence of significant
tricuspid regurgitation.

2. The baseline temperature of blood in the pulmonary
artery usually shows distinct fluctuations associated with
respiratory and cardiac cycles. If these fluctuations are
large, they may approach the magnitude of the tempera-
ture change produced by the cold indicator injection.

3. Loss of injected indicator (cold) between injection and
measuring sites (vena cava and pulmonary artery) is not
usually a problem, but in low-flow, low-output states,
loss of indicator may occur because of warming of
blood by the walls of the cardiac chambers and sur-
rounding tissues. This concern is supported by the study
of van Grondelle et al. (25), who found that thermodi-
lution cardiac output measurements overestimated car-
diac output consistently in patients with low output
(�3.5 L/minute), and this overestimation was greatest,
averaging 35%, in patients whose cardiac outputs were
�2.5 L/minute. This is what might be expected from the
equation for calculation of cardiac output by thermodi-
lution, since the change in pulmonary artery blood tem-
perature (�TB) will be reduced if cold is lost by warming
of the injectate during slow passage through the vena
cava, right atrium, and right ventricle. Because �TB is the
denominator in the equation for cardiac output calcula-
tion, reduction in �TB will result in a rise in calculated
cardiac output.

4. The empirical correction factor of 0.825 may be inade-
quate to correct for deviations in true injectate tempera-
ture from the temperature of the injectate bowl or reser-
voir owing to warming in the syringe by the hand of the
individual injecting the dextrose solution from the
syringe or by catheter warming.

In general, indicator dilution cardiac output determina-
tions have an error of 5 to 10% when performed carefully.
The values obtained correlate well with those calculated by
the Fick oxygen method.

Clinical Measurement of Vascular Resistance

Poiseuille’s Law

The French physician Jean Léonard Marie Poiseuille
(1799–1869) made many important contributions to the
study of hemodynamics. At age 18, he introduced the mer-
cury manometer for the measurement of blood pressure, a
technical innovation that continues in use to this day. In
1846, he formulated a series of equations describing
the flow of fluids through cylindrical tubes. Although
Poiseuille was interested in blood flow, he substituted sim-
pler liquids in his measurements of flow through rigid
glass tubes. His discoveries, later modified by others, are
expressed in what is regarded as Poiseuille’s law (26),
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which may be stated as follows:

(8.12)

where Q is volume flow; Pi � Po is inflow pressure � out-
flow pressure; r is the radius of the tube; l is the length of
the tube; and � is the viscosity of the fluid.

This relationship applies in the specific circumstance of
steady state laminar flow of a homogeneous fluid through
a rigid tube. Under these conditions, flow, Q, varies directly
as the pressure difference, Pi � Po, and the fourth power of
the tube’s radius, r. It varies inversely as the length, l, of the
tube and the viscosity, �, of the fluid.

Hydraulic resistance, R, is defined by analogy to Ohm’s
law as the ratio of mean pressure drop, �P, to flow, Q,
across the vascular circuit. The various factors contributing
to vascular resistance can be illustrated by rearranging
Poiseuille’s law as follows:

(8.13)

It is apparent from this equation that, in the condition
of steady laminar flow of a homogeneous fluid through a
rigid cylindrical tube, resistance to flow depends only on
the dimensions of the tube and the viscosity of the fluid. In
particular, the resistance is remarkably sensitive to changes
in the radius of the tube, varying inversely with its fourth
power.

Vascular Resistance and Pressure–Flow
Relationships

The applicability of laws derived from steady state fluid
mechanics in assessing vascular resistance is somewhat
ambiguous because blood flow is pulsatile, blood is a non-
homogeneous fluid, and the vascular bed is a nonlinear,
elastic, frequency-dependent system. In such a system,
resistance varies continuously with pressure and flow and
is influenced by many factors, such as inertia, reflected
waves, and the phase angle between pulse and flow wave
velocities (26–28).

To assess both vessel caliber and elasticity, the resistive
and compliant characteristics of the vascular system,
the concept of vascular impedance has been used (27).
Vascular impedance has been defined as the instanta-
neous ratio of pulsatile pressure to pulsatile flow (28,29).
Because impedance may not be the same for all frequen-
cies, its calculation requires resolution of the harmonic
components of both pressure and flow pulsations. The
impedance modulus so calculated is then expressed as a
spectrum of impedance versus frequency. Although mea-
surement of impedance is important in research studies,
it is rarely included in routine diagnostic cardiac catheter-
ization, and the reader is referred elsewhere (26) for a full
discussion.

R �
Pi � Po

Q
�

8�l

pr4

Q �
p (Pi � Po) r4

8�l

As a consequence of the foregoing considerations and
the many active and passive factors that influence pressure
and flow in blood vessels, the concept of vascular resis-
tance in its pure physical sense is limited in application. In
the context of the clinical and physiologic setting, however,
pulmonary and systemic vascular resistances calculated
from hemodynamic measurements made during cardiac
catheterization have acquired empiric pathophysiologic
meaning and are often important factors in clinical deci-
sion making.

Estimation of Vascular Resistance
in the Clinical Situation

Calculations of vascular resistance are usually applied to
both the pulmonary and systemic circulations. Although
many authors refer to systemic or pulmonary arteriolar resis-
tance, I prefer the term vascular resistance because it is less
committal concerning the anatomic site of the resistance. As
has been mentioned, arteriolar tone is only one determinant
of vascular resistance to blood flow. To estimate pulmonary
and systemic vascular resistances quantitatively, knowledge
of both the driving pressure across the pulmonary and sys-
temic vascular beds and the respective blood flow through
them is required.

The formulas generally used are:

A. Systemic vascular resistance �

B. Total pulmonary resistance � (8.14, A–C)

C. Pulmonary vascular resistance �

where is mean systemic arterial pressure, is mean
right atrial pressure, is mean pulmonary arterial pres-
sure, is mean left atrial pressure, Qs is systemic blood
flow, and Qp is pulmonary blood flow.

In many laboratories, the mean pulmonary capillary
wedge pressure is used as an approximation of mean left
atrial pressure. This should cause no problem because
there is ample evidence that pulmonary capillary wedge
pressure, properly obtained, closely approximates the level
of left atrial pressure (30–32). The flows are volume flows
(as opposed to velocity flows) and are expressed in liters
per minute, and pressures are expressed in millimeters of
mercury (mm Hg). These equations yield resistance in
arbitrary resistance units (R units) expressed in mm Hg per
liter per minute, also called hybrid resistance units (HRUs).
These HRUs are sometimes referred to as Wood units
because they were first introduced by Dr. Paul Wood. They
may be converted to metric resistance units expressed in
dynes-sec-cm�5 by use of the conversion factor 80. In this
system, resistance is expressed as:

LA
PA

RAAo

PA � LA
Qp

PA
Qp

Ao � RA
Qs
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Resistance �

� (8.15)

There is no particular advantage to either system, since
both express precisely the same ratio. Most pediatric cardi-
ologists use hybrid resistance units, whereas cardiologists
with adult practices generally use metric units.

In pediatric practice, it is conventional to normalize vas-
cular resistances for body surface area (BSA), thus giving a
resistance index. Although this is not commonly done in
adult cardiac catheterization laboratories, the practice
makes sense because normal cardiac output and therefore
vascular resistance may be substantially different in a
260-lb man and a 110-lb woman. The normalized resis-
tance, however, is not obtained by dividing resistance (as
calculated in Eq. 8.14) by body surface area. Rather, nor-
malized resistance is calculated by substituting the blood
flow index for blood flow in the resistance formula. Thus
systemic vascular resistance index (SVRI) is calculated as

(8.16)

where CI is the cardiac (or systemic blood flow) index.
Therefore, SVRI equals SVR multiplied by BSA.

Cardiac output, usually measured by either the Fick or
the thermodilution method, is used as mean blood flow. It
is important to realize that in conditions of intracardiac
shunts or shunts between the pulmonary and systemic cir-
culations, pulmonary blood flow and systemic flow may
not be equal, and the respective flow through each circuit
must be measured and used in the appropriate resistance
calculation. Normal values for vascular resistance in adults
are given in Table 8.1.

Clinical Use of Vascular Resistance

As can be deduced from the Poiseuille equation, changes
in systemic or pulmonary vascular resistance may result

SVRI �
(Ao � RA) 80

CI

¢P

Qs or Qp
� 80 � dynes-sec-cm�5

¢P(mmHg) � 1,332 dynes/cm2/mmHg

Qs or Qp (L/min) � 1,000 mL/L � 60sec/min

theoretically from one of three mechanisms. Because
changes in length of the vascular beds are uncommon after
growth has been completed, changes in vascular resistance
reflect either altered viscosity of blood or a change in cross-
sectional area (radius) of the vascular bed.

There is ample evidence that changes in blood viscosity
alter measured vascular resistances. Nihill (33) has shown
that an approximate doubling of pulmonary vascular resis-
tance occurs with increases in hematocrit from 43 to 64%.
Similarly, low values for measured vascular resistance are
commonly seen in patients with severe chronic anemia,
although the low vascular resistance in such cases probably
represents more than a viscosity effect alone.

With regard to changes in cross-sectional area of the
pulmonary or systemic vascular bed, such changes do not
invariably imply altered arteriolar tone. In the normal sys-
temic circulation, mean aortic pressure may be 100 mm
Hg, whereas right atrial pressure is only 5 mm Hg.
Although the greatest part of this pressure drop occurs at
the arteriolar level (approximately 60%), about 15%
occurs in the capillaries, 15% in small veins, and 10% in
the arterial system proximal to the arterioles (27). Thus
although systemic vascular resistance is dominated by the
caliber of the arterioles, the other components of the sys-
temic vascular bed are by no means negligible. For exam-
ple, Read and coworkers (34) studied systemic vascular
resistance in dogs with constant (pump-controlled) cardiac
output and found that a rise in venous pressure consis-
tently caused a fall in resistance. The magnitude of the fall
was proportional to the increment in venous pressure rise
and was about 20% for an increase in venous pressure of
20 mm Hg. Other studies show no change in resistance
when arterial pressure is so manipulated (in the absence
of baroreceptor control). These findings have been inter-
preted by McDonald (28) to suggest that the decline in
systemic vascular resistance with increased venous pres-
sure results from dilation of small venous channels,
whereas systemic arterioles do not distend passively with
increased pressure. Therefore, measurement of vascular
resistance is not a precise tool for assessing the dynamics
of individual sections of the vascular bed, and the term
vascular resistance should not be used as synonymous with
arteriolar resistance.

NORMAL VALUES FOR VASCULAR RESISTANCE
TABLE 8.1

Systemic vascular resistance 1,170  270 dynes-sec-cm�5

Systemic vascular resistance index 2,130  450 dynes-sec-cm�5 � M2

Pulmonary vascular resistance 67  30 dynes-sec-cm�5

Pulmonary vascular resistance index 123  54 dynes-sec-cm�5 � M2

Values are expressed as mean  standard deviation and are derived from 37 subjects without demonstra-
ble cardiovascular disease (17 males, 20 females, age 47  9 years) who underwent diagnostic cardiac
catheterization at the Peter Bent Brigham Hospital between July 1, 1975, and June 30, 1978.



Systemic Vascular Resistance

The minute-to-minute control of vascular resistance, at
least in the systemic bed, is an amalgam of autonomic ner-
vous system influences and local metabolic factors.
Hypotension or reduced cardiac output generally triggers
increased systemic resistance by means of the barorecep-
tors, �-adrenergic neural pathways, and release of humoral
vasoconstrictor hormones, but these influences may be
opposed by metabolic factors if the hypotension or low
cardiac output results in decreased tissue perfusion with
local hypoxia and acidosis. This latter circumstance is com-
monly seen in congestive heart failure or shock.

Knowledge of changes in systemic vascular resistance is
also important in evaluating the hemodynamic response
to stress tests, such as dynamic or isometric exercise (35).
In this regard, there is ample evidence that normally, the
systemic vascular resistance falls in response to dynamic
exercise, but pulmonary vascular resistance is unchanged
(at least with supine bicycle exercise). Transient elevations
in systemic vascular resistance have been provoked by infu-
sions of vasopressor drugs to evaluate the left ventricular
response to a sudden increase in afterload (36).

Low systemic vascular resistance may be seen in condi-
tions in which blood flow is abnormally high, such as may
occur in patients with arteriovenous fistula, severe anemia,
and other high-output states. It is important to realize that
in these circumstances there may well be regional differ-
ences in vascular resistance (e.g., very low in the arteriove-
nous fistula but normal or increased in other vascular beds),
and calculations based on mean pressure and flow in the
entire systemic circulation must be interpreted with caution.

Total Pulmonary Resistance

Calculated as the ratio of mean pulmonary artery pres-
sure to pulmonary blood flow, total pulmonary resis-
tance expresses the resistance to flow in transporting a
volume of blood from the pulmonary artery to the left
ventricle in diastole, neglecting left ventricular diastolic
pressure. This relationship is obviously influenced by
alterations in left atrial pressure and will not consistently
provide useful information about the condition of the
pulmonary vasculature. Although widely used 25 years
ago, this parameter is less commonly used today and in
general should be used primarily in the patient where
measurement of left atrial or pulmonary capillary wedge
pressure is not possible.

Pulmonary Vascular Resistance

Sometimes (inappropriately) called pulmonary arteriolar
resistance, pulmonary vascular resistance expresses the
pressure drop across the major pulmonary vessels, the pre-
capillary arterioles, and the pulmonary capillary bed and is
more precise in assessing the presence and degree of pul-

monary vascular disease than is total pulmonary resis-
tance. Simple calculation of pulmonary vascular resistance
provides general information about the pulmonary circu-
lation, but this must be interpreted in the context of the
clinical situation and other hemodynamic data obtained
during cardiac catheterization. The pulmonary vasculature
is a dynamic system and is subject to many mechanical,
neural, and biochemical influences.

Measured pulmonary vascular resistance may be increased
by hypoxia, hypercapnia, increased sympathetic tone, poly-
cythemia, local release of serotonin, mechanical obstruc-
tion by multiple pulmonary emboli, precapillary pul-
monary edema, or lung compression (pleural effusion,
increased intrathoracic pressure via respirator). Pulmonary
vascular resistance may be decreased by oxygen, adenosine,
isoproterenol, �-antagonists such as phentolamine or tola-
zoline, inhaled nitric oxide, prostacyclin infusions, and
high doses of calcium channel blockers. These vasodilators
may be used to test for fixed, irreversible pulmonary hyper-
tension. A practical approach used in many laboratories to
test for responsiveness and determine therapeutic dosage
uses intravenous epoprostenol (Flolan, Glaxo Wellcome,
Research Triangle Park, NC), starting at 2 ng/kg per
minute and increasing by increments of 2 ng/kg per minute
every 15 minutes until dose-limiting pharmacologic
effects (such as nausea, headache, or hypotension) are
seen.

The tolazoline test for fixed pulmonary hypertension is
rarely performed at present, and the interested reader is
referred to earlier editions of this textbook for details as to its
use. Oxygen inhalation may be of value in assessing pul-
monary vascular reactivity. Patients with high pulmonary
vascular resistance (i.e., �600 dynes-sec-cm�5) in association
with a central shunt (e.g., ventricular septal defect) should be
given 100% oxygen by face mask before concluding that the
changes are fixed. Older patients with a combination of left
heart failure and chronic obstructive lung disease may have
considerable pulmonary vasoconstriction owing to alveolar
hypoventilation and its resultant hypoxia. Inhalation of
100% oxygen in such cases may result in a dramatic fall in
pulmonary arterial pressure and vascular resistance.

Most studies demonstrating the usefulness of tolazo-
line or oxygen inhalation in the assessment of pulmonary
vascular disease associated with central shunts were car-
ried out in patients living at high altitudes. The usefulness
of such assessment in patients living at sea level is less
certain.

PULMONARY VASCULAR DISEASE
IN PATIENTS WITH CONGENITAL
CENTRAL SHUNTS

The decision as to whether a patient with congenital heart
disease would profit from corrective surgery often hinges on
the calculated pulmonary vascular resistance. Although each
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case must be evaluated on its own characteristics, many cri-
teria for operability have been proposed (37,38). It has been
suggested that the ratio between pulmonary vascular resis-
tance and systemic vascular resistance (resistance ratio,
PVR/SVR) be used as a criterion for operability in dealing
with congenital heart disease (37). Normally, this ratio is
�0.25. Values of 0.25 to 0.50 indicate moderate pulmonary
vascular disease, and values greater than 0.75 indicate severe
pulmonary vascular disease. When the PVR/SVR resistance
ratio equals 1.0 or more, surgical correction of the congeni-
tal defect is considered contraindicated because of the sever-
ity of the pulmonary vascular disease.

The resistance ratio has the value of factoring in miscel-
laneous neural, hormonal, and blood viscosity influences
that may be affecting both pulmonary and systemic vascu-
lar beds and that may be primarily related to the patient’s
immediate clinical status more than to intrinsic pul-
monary vascular changes. Many patients with left ventricu-
lar failure and low systemic output (from any cause) have
associated high systemic and pulmonary vascular resis-
tance, but the resistance ratio will be normal in the absence
of intrinsic vascular pathology.

We have reported (37) three patients with congenital
heart disease (two with atrial septal defect and one with
patent ductus arteriosus) having cyanosis and pulmonary
arterial hypertension at nearly systemic levels. Each of our
patients (37) had PVR/SVR ratios of �0.50 and net left-
to-right shunts, despite severe pulmonary hypertension
(e.g., pulmonary artery pressure 110/55 mm Hg). Each
patient had progressive improvement in pulmonary vas-
cular resistance toward normal following operative clo-
sure of the shunts. These cases illustrate the importance
of increased blood viscosity associated with the poly-
cythemia of cyanosis (hematocrits in the 56 to 66%
range), which may contribute substantially to the mea-
sured increase in pulmonary and systemic vascular resis-
tances. As mentioned earlier, studies in dogs showed that
calculated pulmonary vascular resistance doubled when
hematocrit was raised from 43 to 64%. Accordingly, elim-
ination of severe cyanosis with return of hematocrit to
normal may lead to a 50% reduction in pulmonary vascu-
lar resistance. This influence of viscosity, as well as the
generalized vasoconstriction often seen in patients with
advanced cardiac disease, will be factored out by the ratio
of PVR/SVR.

In his classic description of the Eisenmenger syndrome,
Wood pointed out that attempted surgical repair of the
shunt defect was a major source of death in these patients
(38). He stated that in patients with pulmonary blood flow
of �1.75 times systemic flow or with total pulmonary vas-
cular resistance �12 Wood or hybrid units (960 dynes-sec-
cm�5), ordinary surgical repair of the defect should not be
attempted. Others have suggested similar criteria for spe-
cial instances or conditions. In my opinion, surgical repair
should be limited to patients in whom the net shunt is left
to right and the pulmonary vascular resistance is less than

systemic vascular resistance, preferably with a resistance
ratio of �0.50.

PULMONARY VASCULAR DISEASE
IN PATIENTS WITH MITRAL STENOSIS

Marked elevations in pulmonary vascular resistance may
also be seen in acquired heart disease, notably in mitral
stenosis. The effect of mitral valve replacement in patients
with mitral stenosis and/or regurgitation associated with
pulmonary hypertension has been evaluated (39,40). Most
patients experience significant reduction in pulmonary
vascular resistance following successful repair of the mitral
valve lesion. Although some degree of pulmonary hyper-
tension may persist postoperatively, significant palliative
benefit usually occurs, and the decision regarding surgery
must be made in light of information regarding left and
right ventricular function as well as the degree of pul-
monary hypertension.

Currently, percutaneous balloon mitral valvuloplasty is
used widely as an alternative to surgery for treating patients
with advanced mitral stenosis. The procedure results in an
immediate improvement in mitral valve area and in pul-
monary hypertension. Its effects on pulmonary vascular
resistance have been studied in a cohort of 14 patients with
critical mitral stenosis and severe pulmonary hypertension
(41). Balloon mitral valvuloplasty resulted in an immedi-
ate improvement in mitral valve area (0.7  0.2 cm2 to 1.6 
0.7 cm2, P � .01), mean left atrial pressure (26  6 mm Hg
to 15  5 mm Hg, P � .01), mean pulmonary artery pres-
sure (51  17 mm Hg to 40  14 mm Hg), and pulmonary
vascular resistance (630  570 dynes-sec-cm�5 to 447 
324 dynes-sec-cm�5, P � .01). At an average of 7 months
follow-up, repeat catheterization showed that pulmonary
vascular resistance had declined further and now averaged
280  183 dynes-sec-cm�5. Of note, two patients who
showed substantial restenosis to mitral valve areas of less
than 1.0 cm2 exhibited a return of pulmonary vascular
resistance to prevalvuloplasty values (41). The decline in
pulmonary vascular resistance after balloon valvuloplasty
is not offset by the bronchopulmonary stresses associated
with thoracotomy and general anesthesia, making mitral
balloon valvuloplasty appealing as either an alternative to
surgery or a preparatory procedure before surgery in
patients with mitral stenosis and advanced pulmonary
hypertension.

ASSESSMENT OF VASODILATOR DRUGS

Cardiac catheterization provides an ideal opportunity for
assessing the potential response of a patient to a change in
medical regimen, particularly with regard to vasodilator
drugs. In recent years, vasodilator drugs have assumed a
major role in the treatment of patients with congestive
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heart failure. There is, however, great variability among cur-
rently used vasodilator agents, and the relative effects of a
particular drug on resistance and capacitance vessels is of
major importance in predicting its hemodynamic effects
(42). This problem may become complex when a particu-
lar drug may have different effects, depending on the level
of resting tone in resistance and capacitance beds. For
example, nitrate preparations are well known to influence
venous capacitance; this influence is presumably responsi-
ble (at least in part) for the fact that ventricular filling pres-
sures and pulmonary congestion are consistently improved
when nitrate therapy is given to patients with congestive
heart failure. Despite this consistent effect on preload, the
effect of nitrates on forward cardiac output has been vari-
able (43–45), and studies have reported decreases,
increases, or mixed effects on cardiac output in normal
subjects and in patients with heart failure.

Goldberg and colleagues (46) studied 15 patients with
chronic congestive heart failure who were given an oral
nitrate (erythrityl tetranitrate) at the time of cardiac
catheterization to identify predictors of nitrate effect on car-
diac output. There were significant reductions in right atrial,
pulmonary capillary wedge, and mean arterial pressure in
nearly all patients. Augmentation in cardiac output by
�10% occurred in eight patients (thereby defined as respon-
ders), but no change or decline occurred in seven patients
(nonresponders). The level of peripheral vasoconstriction,
as reflected by resting systemic vascular resistance, was
significantly higher for the responders than for the nonre-
sponders (2,602  251 versus 1,744  193 dynes-sec-
cm�5, P � .02). Furthermore, a significant reduction in
systemic vascular resistance occurred only in responders,
and the decline was a linear function of resting resistance
(Fig. 8.6).

Thus, although reductions in arterial pressure and left
and right ventricular filling pressures are a constant result
of nitrate therapy, significant augmentation in forward car-
diac output is likely only in patients with the most intense
resting peripheral vasoconstriction. The design of a
catheterization protocol in a patient with congestive heart
failure can include assessment of vasodilator therapy based
on these principles. For example, if the resting cardiac out-
put is low and if right and left ventricular filling pressures
as well as systemic vascular resistance are high, a long-
acting nitrate or a balanced agent (e.g., sodium nitroprus-
side or an angiotensin-converting enzyme inhibitor) might
be expected to be particularly beneficial and can be tested
while the catheters are still in place. On the other hand, if
the output is low and resistance is high but filling pressures
are near normal, a nitrate might not help because the low-
ered resistance may be offset by the fall of the already nor-
mal preload, with the result being no increase in output. In
such a patient, a selective lowering of resistance would be
desirable, and hydralazine could be tested before removing
the catheters. If the cardiac output is low but resistance is
normal, neither a nitrate nor a converting enzyme inhibitor

is likely to increase output and should be tested only if fill-
ing pressures are high and symptoms of congestion are a
prominent part of the clinical picture. In such patients, the
combination of an inotropic agent and a nitrate may be
particularly helpful and could be tested at the time of
catheterization. Finally, if the output is low but filling pres-
sures and systemic vascular resistance are normal, vasodila-
tor drugs will probably do more harm than good, and a
therapeutic trial of preload elevation (administration of
colloid) with or without an inotropic agent could be tested
during the catheterization.

These examples are presented merely to illustrate the
principle of using cardiac catheterization parameters (i.e.,
resistances, flows, and filling pressures) to design a thera-
peutic regimen and then, while the catheters are still in
place, put it to the test. We have found this most useful
with regard to the patient with heart failure, and cardiac
catheterization in such patients should include full right
and left heart catheterization with measurement of cardiac
output, left and right heart pressures, and systemic and
pulmonary vascular resistances.
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9Shunt Detection and

Quantification
William Grossman

Detection, localization, and quantification of intracardiac
shunts are an integral part of the hemodynamic evaluation
of patients with congenital heart disease. In most cases, an
intracardiac shunt is suspected on the basis of the clinical
evaluation of the patient before catheterization. There are
several circumstances, however, in which data obtained at
catheterization should alert the cardiologist to look for a
shunt that had not been suspected previously:

1. Unexplained arterial desaturation should immedi-
ately raise the suspicion of a right-to-left intracardiac
shunt, which may then be assessed by the methods to be
discussed. Most commonly, arterial desaturation (i.e., arte-
rial blood oxygen saturation �95%) detected at the time
of cardiac catheterization represents alveolar hypoventila-
tion. The causes for this alveolar hypoventilation and its
associated physiologic right-to-left shunt include (a) exces-
sive sedation from the premedication, (b) chronic obstruc-
tive lung disease or other pulmonary parenchymal disease,
and (c) pulmonary congestion/edema secondary to the
patient’s cardiac disease. Alveolar hypoventilation associ-
ated with each of these problems is exacerbated by the
supine position of the patient during the catheterization
procedure. Helping the patient to assume a more upright
posture (head-up tilt or propping the patient up with a
large wedge if tilt mechanism is not available) and encour-
aging the patient to take deep breaths and to cough will
correct or substantially ameliorate arterial hypoxemia in
most cases. If arterial desaturation persists, oxygen should
be administered by face mask for both therapeutic and
diagnostic purposes. If full arterial blood oxygen satura-
tion cannot be achieved by face-mask administration of
oxygen (it is best in this regard to use a rebreathing mask
that fits snugly), a right-to-left shunt is presumed to be
present, and its anatomic site and magnitude should be

determined using the methods described later in this
chapter.

2. Conversely, when the oxygen content of blood in the
pulmonary artery is unexpectedly high (i.e., if the pul-
monary artery [PA] blood oxygen saturation is �80%), the
possibility of a left-to-right intracardiac shunt should be
considered. It is for these two reasons that arterial and pul-
monary artery saturation should be measured routinely
during cardiac catheterization.

3. When the data obtained at cardiac catheterization do
not confirm the presence of a suspected lesion, one should
consider the presence of an intracardiac shunt. For example,
if left ventricular cineangiography fails to reveal mitral
regurgitation in a patient in whom this was judged to be the
cause of a systolic murmur, it is prudent to look for evi-
dence of a ventricular septal defect (VSD) with left-to-right
shunting.

DETECTION OF LEFT-TO-RIGHT
INTRACARDIAC SHUNTS

Many techniques are available for the detection, localiza-
tion, and quantification of left-to-right intracardiac shunts.
The techniques vary in their sensitivity, in the type of indi-
cator they use, and in the equipment needed to sense and
read out the presence of the indicator.

Measurement of Blood Oxygen Saturation and
Content in the Right Heart (Oximetry Run)

In the oximetry run, a basic technique for detecting and quan-
tifying left-to-right shunts, the oxygen content or percent



saturation is measured in blood samples drawn sequentially
from the pulmonary artery, right ventricle (RV), right atrium
(RA), superior vena cava (SVC), and inferior vena cava (IVC).
A left-to-right shunt may be detected and localized if a signif-
icant step-up in blood oxygen saturation or content is found
in one of the right heart chambers. A significant step-up is
defined as an increase in blood oxygen content or saturation
that exceeds the normal variability that might be observed if
multiple samples were drawn from that cardiac chamber.

The technique of the oximetry run is based on the pio-
neering studies of Dexter and his associates in 1947 (1).
They found that multiple samples drawn from the right
atrium could vary in oxygen content by as much as 2 vol-
umes percent (vol%).a This variability has been attributed
to the fact that the right atrium receives its blood from
three sources of varying oxygen content: the superior vena
cava, the inferior vena cava, and the coronary sinus. The
maximal normal variation within the right ventricle was
found to be 1 vol%. Because of more adequate mixing, a
maximal variation within the pulmonary artery of only 0.5
vol% was found by Dexter. Thus, using the Dexter criteria,
a significant step-up is present at the atrial level when the
highest oxygen content in blood samples drawn from the
right atrium exceeds the highest content in the venae cavae
by 2 vol%. Similarly, a significant step-up at the ventricular
level is present if the highest right ventricular sample is 1
vol% higher than the highest right atrial sample, and a sig-
nificant step-up at the level of the pulmonary artery is pres-
ent if the pulmonary artery oxygen content is more than
0.5 vol% greater than the highest right ventricular sample.

Dexter’s study described normal variability and gave cri-
teria for a significant oxygen step-up only for measurement
of blood oxygen content. This in part reflects the methodol-
ogy available to him, because spectrophotometric oximetry
was not used widely at that time. In recent years, nearly all
cardiac catheterization laboratories (especially those pri-
marily involved in pediatric catheterization) have moved
toward the measurement of percentage oxygen saturation
by spectrophotometric oximetry as the routine method for
oximetric analysis of blood samples. Oxygen content may
then be calculated from knowledge of percentage satura-
tion, the patient’s blood hemoglobin concentration, and an
assumed constant relationship for oxygen-carrying capacity
of hemoglobin, as discussed in Chapter 8 (1.36 mL O2/g
hemoglobin). When oxygen content is derived in this man-
ner, rather than by measurement by the Van Slyke or other
direct oximetric technique, the value is no more accurate
(and probably less so because of the potential presence of
carboxyhemoglobin or hemoglobin variants with O2 capac-
ity other than 1.36) than the percentage oxygen saturation
values from which it is calculated.

To clarify this situation, Antman and coworkers studied
prospectively the normal variation of both oxygen content

and oxygen saturation of blood in the right heart chambers
(2). The study population consisted of patients without
intracardiac shunts who were undergoing diagnostic car-
diac catheterization for evaluation of coronary artery dis-
ease, valvular heart disease, cardiomyopathy, or possible
pulmonary embolism. Each patient had a complete right
heart oximetry run (see later discussion) with sampling of
multiple sites in each chamber. Oxygen content was mea-
sured directly by an electrochemical fuel-cell method (Lex-
O2-Con, Lexington Instruments, Lexington, MA), a method
that had been validated previously against the Van Slyke
method. Oxygen saturation was calculated as blood oxygen
content divided by oxygen-carrying capacity. The relation-
ship between oxygen content and oxygen saturation obvi-
ously depends on the hemoglobin concentration of the
patient’s blood (e.g., 75% oxygen saturation of pulmonary
artery blood will be associated with a substantially lower
oxygen content in an anemic patient than in one with nor-
mal hemoglobin concentration). Also, systemic blood flow
may be an important determinant of oxygen variability in
the right heart chambers because high systemic flow tends
to equalize the differences across various tissue beds.

In the context of these considerations, I have listed crite-
ria in Table 9.1 for a significant step-up in right heart oxy-
gen content and percentage oxygen saturation associated
with various types of left-to-right shunt, based on the study
of Antman and coworkers (2) and other investigators
(1,3,4). As can be seen from the bottom line (“Any level”)
of Table 9.1, the simplest way to screen for a left-to-right
shunt is to sample SVC and PA blood and measure the dif-
ference, if any, in percentage O2 saturation. We recom-
mend obtaining blood samples from SVC and PA routinely
at the time of right heart catheterization and determining
their O2 saturation by reflectance oximetry. If the �O2 satu-
ration between these samples is �8%, a left-to-right shunt
may be present at atrial, ventricular, or great vessel level,
and a full oximetry run should be done.

Oximetry Run

The blood samples needed to localize a step-up in the right
heart are obtained by performing what is called an oxime-
try run. The samples needed and the order in which we rec-
ommend they be obtained follow.

Obtain a 2-mL sample from each of the following loca-
tions:

1. Left and/or right pulmonary artery
2. Main pulmonary arteryb

3. Right ventricle, outflow tractb

4. Right ventricle, midc

5. Right ventricle, tricuspid valve or apexb,c
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a 1 vol% � 1 mL O2/100 mL blood, or 10 mL O2/L of blood.

b Confirm location by pressure measurement.
c If frequent extrasystoles occur, do not persist. Obtain samples from
three different locations in right ventricle and right atrium.
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6. Right atrium, low or near tricuspid valve
7. Right atrium, mid
8. Right atrium, high
9. Superior vena cava, low (near junction with right atrium)

10. Superior vena cava, high (near junction with innomi-
nate vein)

11. Inferior vena cava, high (just at or below diaphragm)
12. Inferior vena cava, low (at L4–L5)
13. Left ventricle
14. Aorta (distal to insertion of ductus)

In performing the oximetry run, an end-hole catheter
(e.g., Swan-Ganz balloon flotation catheter) or one with
side holes close to its tip (e.g., a Goodale-Lubin catheter) is
positioned in the right or left pulmonary artery. Cardiac
output is measured by the Fick method. As soon as the
determination of oxygen consumption is completed, the
operator begins to obtain 2-mL blood samples from each
of the locations indicated. This is done under fluoroscopic
control, with catheter tip position further confirmed by
pressure measurement at the sites noted. The entire proce-
dure should take less than 7 minutes. If a sample cannot be
obtained from a specific site because of ventricular prema-
ture beats, that site should be skipped until the rest of the
run has been completed.

Oxygen saturation and/or content in each of the sam-
ples is determined as discussed previously, and the pres-
ence and localization of a significant step-up are deter-
mined by applying the criteria listed in Table 9.1.

An alternative method for performing the oximetry run
is to withdraw a fiberoptic catheter from the pulmonary
artery through the right heart chambers and the inferior
and superior venae cavae. This permits a continuous read-
out of oxygen saturation that allows detection of a step-up
in oxygen content.

If the oximetry run reveals that a significant step-up is
present, the pulmonary blood flow, systemic blood flow,
and magnitude of left-to-right and right-to-left shunts may
be calculated according to the following formulas.

Calculation of Pulmonary Blood Flow (Qp)

Pulmonary blood flow is calculated by the same formula
used in the standard Fick equation:

(9.1)

Qp

(L�min)
�

O2 consumption (mL�min)

£ PV O2

content
(mL/L)

§ � £ PA O2

content
(mL/L)

§

Approximate
Minimal Qp/Qs

Mean of Mean of Highest Highest Required for 
Distal Proximal Value in Value in Detection 

Chamber Chamber Proximal Distal (Assuming SBFI Possible Causes 
Level of Shunt Samples Samples Chamber Chamber � 3L/min/M2) of Step-Up

O2 %sat O2 vol% O2 %sat O2 vol%

Atrial
(SVC/IVC to RA) �7 �1.3 �11 �2.0 1.5–1.9 Atrial septal defect; 

partial anomalous 
pulmonary venous 
drainage; ruptured 
sinus of Valsalva; 
VSD with TR; coronary 
fistula to RA

Ventricular �5 �1.0 �10 �1.7 1.3–1.5 VSD; PDA with PR; 
(RA to RV) primum ASD; 

coronary fistula 
to RV

Great Vessel �5 �1.0 �5 �1.0 �1.3 PDA; aorta-pulmonic 
(RV to PA) window; aberrant 

coronary artery 
origin

Any level �7 �1.3 �8 �1.5 �1.5 All the above
(SVC to PA)

SVC and IVC, superior and inferior vena cavae; RA, right atrium; RV, right ventricle; PA, pulmonary artery; VSD,
ventricular septal defect; TR, tricuspid regurgitation; PDA, patent ductus arteriosus; PR, pulmonic regurgitation;
ASD, atrial septal defect; SBFI, systemic blood flow index; Qp/Qs, pulmonary to systemic flow ratio.

DETECTION OF LEFT-TO-RIGHT SHUNT BY OXIMETRY
TABLE 9.1

Criteria for Significant Step-Up



If a pulmonary vein (PV) has not been entered, systemic
arterial oxygen content may be used in the preceding for-
mula, if systemic arterial oxygen saturation is �95%. If sys-
temic oxygen saturation is �95%, one must determine
whether a right-to-left intracardiac shunt is present. If there
is an intracardiac right-to-left shunt, an assumed value for
pulmonary venous oxygen content of 98% oxygen capacity
should be used in calculating pulmonary blood flow. If arte-
rial desaturation is present and is not owing to a right-to-left
intracardiac shunt, the observed systemic arterial oxygen sat-
uration should be used to calculate pulmonary blood flow.

Example

Let us suppose that a patient is found to have an atrial sep-
tal defect with a left-to-right shunt clearly detected by
oximetry run. Furthermore, the catheter crosses the defect
and a pulmonary vein is entered, from which a blood sam-
ple shows O2 saturation of 98%. Let us further suppose,
however, that systemic arterial blood saturation is 90% and
that this is owing to chronic pulmonary disease. After ruling
out a right-to-left shunt (e.g., inhalation of 100% oxygen,
indocyanine green dye injection in inferior vena cava,
echocardiogram-bubble study), should we use 98% or 90%
for pulmonary venous blood O2 saturation in the calcula-
tion of Qp? As indicated earlier, because arterial desatura-
tion is not caused by a right-to-left intracardiac shunt, the
observed systemic arterial O2 saturation (90%) should be
used because this summates all the pulmonary veins drain-
ing both lungs, not just the one with 98% O2 saturation.

Calculation of Systemic Blood Flow (Qs)

Use the following equation for systemic blood flow:

(9.2)

The key to the measurement of systemic blood flow in
the presence of an intracardiac shunt is that the mixed
venous oxygen content must be measured in the chamber
immediately proximal to the shunt, as shown in Table 9.2.

Qs

(L�min)
�

O2 consumption (mL�min)

£ SA O2

content
(mL/L)

§ � £ MV O2

content
(mL/L)

§

The formula generally used by cardiologists who treat
adults for the calculation of venous content in the presence
of an atrial septal defect (ASD) was derived by Flamm and
coworkers (5). They found that systemic blood flow calcu-
lated from mixed venous oxygen content as determined
from the formula listed in Table 9.2 most closely approxi-
mates systemic blood flow as measured by left ventricular
to brachial artery (BA) dye curves in patients with atrial
septal defect studied at rest. It should be noted that
Flamm’s formula weights blood returning from the supe-
rior vena cava more heavily than might be expected on the
basis of relative flows in the superior and inferior cavae.
The success of this empirical weighting of the relatively
desaturated superior vena cava blood (O2 saturation is
almost always less in blood from the superior as opposed
to the inferior vena cava) probably reflects the fact that the
third contributor to mixed venous blood—desaturated
coronary sinus blood—is not sampled during the oximetry
run and therefore cannot be included directly in the for-
mula. The formula (3 SVC O2 � 1 IVC O2)/4 was validated
by Flamm and associates for mixed venous oxygen content
at rest (5). Thus in 18 patients without shunt, this value
agreed closely with pulmonary artery blood oxygen con-
tent at rest. During supine bicycle exercise, however, a dif-
ferent relationship was found to apply, in which mixed
venous (pulmonary artery) oxygen content in patients
without shunts was best approximated as (1 SVC O2 �

2 IVC O2)/3. This formula was then used for patients with
atrial septal defect during exercise, and it reliably predicted
systemic blood flow measured by left ventricular to
brachial artery dye-dilution curve. Therefore, for patients
with left-to-right shunt at the atrial level, the formula in
Table 9.2 should be used only for calculation of resting
mixed venous O2 content.

Obviously, calculations from the formula in Table 9.2
would be little changed in many cases by ignoring inferior
vena cava blood altogether, and this is done in some labo-
ratories (especially those involved in pediatric catheteriza-
tion). Flamm and associates, however, examined the effects
of assuming that superior vena cava O2 content equaled
mixed venous O2 content and concluded that this was
somewhat less accurate (both in the 18 subjects without
shunt and in the 9 patients with atrial septal defect and
left-to-right shunt) than the formula given in Table 9.2 (5).
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Location of shunt as determined Mixed venous sample to use in 
by site of O2 step-up calculating systemic blood flow

1. Pulmonary artery (e.g., patent ductus arteriosus) Right ventricle, average of samples obtained during oximetry run
2. Right ventricle (e.g., ventricular septal defect) Right atrium, average of all samples during oximetry run
3. Right atrium (e.g., atrial septal defect) 3(SVC O2 content) � 1(IVC O2 content)

4

CALCULATION OF SYSTEMIC BLOOD FLOW IN THE PRESENCE OF LEFT-TO-RIGHT SHUNT
TABLE 9.2



Calculation of Left-to-Right Shunt

If there is no evidence of an associated right-to-left shunt,
the left-to-right shunt is calculated by

(9.3)

Examples of Left-to-Right Shunt Detection
and Quantification

Some examples of oximetry runs are presented to
illustrate interpretation.

Atrial Septal Defect

In the example seen in Fig. 9.1, there is a step-up in oxygen
saturation in the mid–right atrium. The average or mean
value for the vena caval samples in this patient is calculated
as [3(SVC) � 1(IVC)] � 4. SVC is the average of SVC samples
(i.e., 67.5% in this example), and IVC is the value for the IVC
sample taken at the level of the diaphragm only (i.e., 73%).
Thus the vena caval mean O2 saturation for the patient in
Fig. 9.1 is [3(67.5) � 1(73)] � 4 � 69%. The right atrial
mean O2 saturation for this patient is (74 � 84 � 79) � 3 �

79%. The 10% step-up in mean O2 saturation from vena cava
to right atrium is higher than the 7% value listed in Table 9.1
as a criterion for a significant step-up at the atrial level. Note
that for this example, the highest-to-highest approach
(highest right atrial O2 saturation to highest vena caval O2

saturation) would barely meet criteria for a significant step-
up, because of the high value for IVC saturation (73%)

L S R shunt � Qp � Qs

(measured in L�min)

compared with SVC saturation. Thus for the detection of a
significant step-up at the atrial level using the highest-to-
highest approach, it is best to use the highest RA and SVC
samples. In this case, the result would be (84% � 68%) �

16%, which is clearly above the 11% value listed in Table 9.1
for detection of a significant step-up. Also, the screening sam-
ples that we recommend for all right heart catheterizations
(single sample from SVC and PA) would have strongly indi-
cated a shunt at some level in the right heart, since �O2 satu-
ration from SVC to PA is 12 to 13%, well above the 8% value
for a significant step-up.

To calculate pulmonary and systemic blood flows for
the example given in Fig. 9.1, we need to know O2 con-
sumption and blood O2 capacity. If the patient’s O2 con-
sumption determined by the methods described in
Chapter 8 is 240 mL O2/minute and the blood hemoglo-
bin concentration is 14 g%, pulmonary and systemic
blood flows may be calculated as follows:

(9.4)

PV O2 content was not measured, but left ventricular
(LV) and arterial blood O2 saturation was 96% (effectively
ruling out a right-to-left shunt), and therefore it may be
assumed that PV blood O2 saturation was 96%. As
described in Chapter 8, oxygen content for PV blood is cal-
culated as follows:

� 18.3 mL O2/100 mL blood (9.5)
� 183 mL O2/liter

Similarly, PA O2 content is calculated as

0.80(14)1.36 � 10 � 152 mL O2/liter (9.6)

Therefore,

(9.7)

� 7.74 L/min

Systemic blood flow for the patient in Fig. 9.1 is calcu-
lated as 

(9.8)

� 4.7 L/min

�
240

(0.96 � 0.69)14(1.36)10

Qs �
240 mL O2�min

£ systemic
arterial

O2 content
§ � £ mixed

venous
O2 content

§

Qp �
240 mL O2�min

[183 � 152] mL O2�L

0.96 a 14 g Hgb

100 mL blood
b � a 1.36 mL O2

g Hgb
b

Qp �
O2 consumption (mL�min)

£ PV O2

content
(mL/L)

§ � £ PA O2

content
(mL/L)

§
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Figure 9.1 Schematic representation of the results of an oxime-
try run in a patient with a small to moderate atrial septal defect.
Values represent percentage O2 saturation of blood at multiple
locations. (See text for details.)



For this calculation, mixed venous O2 saturation was
derived from the formula given in Table 9.2 as 69%. Thus
the ratio of Qp/Qs in this example is 7.74/4.7 � 1.65, and
the magnitude of the left-to-right shunt is 7.7 � 4.7 �

3 L/min. This patient has a small to moderate atrial septal
defect.

Ventricular Septal Defect

Figure 9.2 shows another example of findings in an oxime-
try run. In this case, the patient has a large O2 step-up in
the right ventricle, indicating the presence of a ventricular
septal defect. If O2 consumption is 260 mL/minute and
hemoglobin is 15 g%, then

(9.9)

Qp/Qs � 15/4.1 � 3.7

L S shunt � 15 � 4.1 � 10.9 L/minute

In this case, the O2 saturation of mixed venous blood is
calculated by averaging the right atrial O2 saturations
because the right atrium is the chamber immediately prox-
imal to the O2 step-up.

Flow Ratio

The ratio Qp/Qs gives important physiologic information
about the magnitude of a left-to-right shunt. In addition,
because it factors out other variables (e.g., O2 consump-
tion), the ratio can be calculated from knowledge of blood

Qs �
260

(0.97 � 0.66)15(1.36)10
� 4.1 L�minute

Qp �
260

(0.97 � 0.885)15(1.36)10
� 15 L�minute

O2 saturation alone. A Qp/Qs ratio of �1.5 signifies a small
left-to-right shunt and is often felt to argue against opera-
tive correction, particularly if the patient has an otherwise
uncomplicated atrial or ventricular septal defect. A ratio of
�2.0 indicates a large left-to-right shunt and is generally
considered sufficient evidence to recommend surgical
repair of the defect, to prevent late pulmonary vascular dis-
ease as well as other complications of prolonged circula-
tory overload. Flow ratios between 1.5 and 2.0 are obvi-
ously intermediate in magnitude; surgical correction is
generally recommended if operative risk is low. A flow
ratio of less than 1.0 indicates a net right-to-left shunt and
is often a sign of the presence of irreversible pulmonary
vascular disease.

A simplified formula for calculation of flow ratio can be
derived by combining the equations for systemic and pul-
monary blood flow to obtain

(9.10)

where SA O2, MV O2, PV O2, and PA O2 are systemic arter-
ial, mixed venous, pulmonary venous, and pulmonary
arterial blood oxygen saturations, respectively. For the
patient illustrated in Fig. 9.1, 

Qp/Qs � (96% � 69%)/(96% � 80%) � 1.69.

Calculation of Bidirectional Shunts

A simplified approach to the calculation of simultaneous
right-to-left and left-to-right (also known as bidirectional)
shunts makes use of a hypothetic quantity known as the
effective blood flow, the flow that would exist in the absence
of any left-to-right or right-to-left shunting:

(9.11)

The approximate left-to-right shunt then equals Qp � Qeff,
and the approximate right-to-left shunt equals Qs � Qeff.
Actually, this effective blood flow approach is an approxima-
tion of the significantly more complex formula shown in
Eq. (9.12)(b).

Limitations of Oximetry Method

There are several limitations and potential sources of error
in the calculations of blood flow using the data obtained
from an oximetry run. A primary source of error may be
the absence of a steady state during the collection of blood
samples. That is, if the oximetry run is prolonged because
of technical difficulties, if the patient is agitated, or if
arrhythmias occur during the oximetry run, the data may
not be consistent.

Qeff �
O2 consumption (mL/min)

C PV O2

content
(mL/L)

S � C MV O2

content
(mL/L)

S

Qp

Qs
�

(SA O2 � MV O2)

(PV O2 � PA O2)
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Figure 9.2 Findings from an oximetry run performed in a
patient with a large ventricular septal defect. (See text for details.)



An important limitation of the oxygen step-up method
for detecting intracardiac shunts is that it lacks sensitivity.
Most shunts of a magnitude that would lead to a recom-
mendation for surgical closure of a ventricular septal defect
or patent ductus arteriosus are detected by this method.
Small shunts, however, are not consistently detected by this
technique.

As pointed out by Antman and coworkers (2), the nor-
mal variability of blood oxygen saturation in the right
heart chambers is strongly influenced by the magnitude
of systemic blood flow. High levels of systemic flow tend
to equalize the arterial and venous oxygen values across a
given vascular bed. Therefore, elevated systemic blood
flow will cause the mixed venous oxygen saturation to be
higher than normal, and interchamber variability owing
to streaming will be blunted. Even a small increase in
right heart oxygen saturation under such conditions
might indicate the presence of a significant left-to-right
shunt; larger increases would indicate voluminous left-to-
right shunting of blood. For a patient with a systemic
blood flow index of 3.0 L/minute per M2, minimum
shunt sizes that could be detected reliably by oximetry are
listed in Table 9.1.

Fundamental to the oximetric method of shunt detection
is the fact that left-to-right shunting across an intracardiac
defect will cause an increase in blood O2 saturation in the
chamber receiving the shunt proportional to the magnitude

of the shunt. The increase in blood O2 content in the
chamber receiving the shunt, however, depends not only
on the magnitude of the shunt but also on the O2-carrying
capacity of the blood (i.e., the hemoglobin concentration).
As reported by Antman and colleagues (2), the influence of
blood hemoglobin concentration may be important when
blood O2 content (rather than O2 saturation) is used to
detect a shunt (Table 9.3).

Thus, the same shunt giving the same blood O2 satura-
tion step-up would give markedly different blood O2 con-
tent step-ups if the blood hemoglobin concentration varied
significantly. Accordingly, when evaluating oximetric data
for shunt detection, it is more precise to exclude the poten-
tial influence of blood O2-carrying capacity and use only O2

saturation data. This is especially true in pediatric cases (4)
where the normal blood O2-carrying capacity may vary from
20 to 28 vol% in the neonate to 12 to 16 vol% in infancy. To
minimize errors and maximize the physiologic strengths of
the oximetry method for shunt detection and quantifica-
tion, the guidelines listed in Table 9.4 should be followed.

Other Indicators

Many more sensitive techniques are available to detect
smaller left-to-right shunts (7–19). These include indocya-
nine green dye curves, radionuclide techniques, contrast
angiography, and echocardiographic methods. Some of
these methods (e.g., green dye) were discussed extensively
in previous editions of this textbook, and the interested
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R S L �
Qp (PVe O2 content � SA O2 content)(PA O2 content � PVe O2 content)

(SA O2 content � MV O2 content) � (MV O2 content � PVe O2 content)

L S R �
Qp (MV O2 content � PA O2 content)

(MV O2 content � PVe O2 content)

EXPECTED VALUE OF O2 CONTENT
(VOLUMES PERCENT) FOR VARIOUS LEVELS
OF O2 STEP-UP AND BLOOD HEMOGLOBIN
CONCENTRATIONa

TABLE 9.3

Increase

Hemoglobin Concentration (vol%)

in O2

(g/100 mL)

saturation (%) 10 12 15

5 0.68 0.82 1.02 
10 1.36 1.63 2.04 
15 2.04 2.45 3.06 
20 2.72 3.26 4.08 

a Modified from Antman EM, Marsh JD, Green LH, Grossman W. Blood
oxygen measurements in the assessment of intracardiac left to right
shunts: a critical appraisal of methodology. Am J Cardiol 1980;46:265,
with permission.

GUIDELINES FOR OPTIMUM USE OF
OXIMETRIC METHOD FOR SHUNT
DETECTION AND QUANTIFICATIONa

TABLE 9.4

1. Blood samples at multiple sites should be obtained rapidly.
2. Blood O2 saturation data rather than O2 content data are

preferable to identify the presence and location of a shunt.
3. Comparison of the mean of all values obtained in the respective

chambers is preferable to comparison of highest values in each
chamber.

4. Because of the important influence of systemic blood flow on
shunt detection, exercise should be used in equivocal cases
where a low systemic blood flow is present at rest.

a Based on the data of Antman EM, Marsh JD, Green LH, Grossman W.
Blood oxygen measurements in the assessment of intracardiac 
left to right shunts: a critical appraisal of methodology. Am J Cardiol
1980;46:265.

e If pulmonary vein is not entered, use 98% � O2 capacity.

(9.12)



reader is referred there for details. For discussion of other
predominantly non–catheter-based methods (e.g., echo,
radionuclide) the reader is referred to textbooks devoted to
those techniques. We will give only one example here of
one of the older methods.

Early Recirculation of an Indicator

Standard indicator dilution curves, performed by injection
of indocyanine green into the pulmonary artery with sam-
pling in a systemic artery, are rarely done today, and most
laboratories are not even equipped to do them. In the pres-
ence of a left-to-right shunt, however, a green dye curve
produced by this technique will demonstrate early recircu-
lation on the downslope of the dye curve (7; Fig. 9.3).

This technique can detect left-to-right shunts too small
to be detected by the oxygen step-up method (8). Thus if
there is no evidence of a left-to-right shunt by this method,
there is no need to perform an oximetry run. The studies of
Castillo and coworkers (9) suggest that left-to-right shunts
as small as 25% of the systemic output can be detected by
standard pulmonary artery to systemic artery dye curves.

Although a simple pulmonary to systemic artery indocya-
nine green dye curve may detect the presence of a shunt, it
does not localize it. That is, a pulmonary artery to systemic
artery dye curve will show evidence of early recirculation in
the presence of a left-to-right shunt owing to an atrial septal
defect, ventricular septal defect, or patent ductus arteriosus.

Angiography

Selective angiography is effective in visualizing and localiz-
ing the site of left-to-right shunts. Angiographic demon-
stration of anatomy has become a routine part of the
preoperative evaluation of patients with congenital or

acquired shunts and is useful in localizing the anatomic
site of the shunt. Actually, the use of angiography in this
fashion should be considered an indicator-dilution method,
with the radiographic contrast agent being the indicator
and the cinefluoroscopy unit serving as the densitometer.

In general, assessment of the patient with a left-to-right
shunt virtually always includes a left ventriculogram. If this
is performed in the left anterior oblique projection with
cranial angulation (or done as a biplane study with both
left and right anterior oblique views), excellent visualiza-
tion of the interventricular septum, sinuses of Valsalva, and
ascending and descending thoracic aorta will allow diag-
nosis and localization of essentially all the causes of left-
to-right shunt other than atrial septal defect and anom-
alous pulmonary venous return.

Complicated lesions (e.g., endocardial cushion defects,
coronary artery/right heart fistulas, ruptured aneurysms at
the sinus of Valsalva) commonly require angiographic
delineation before surgical intervention can be under-
taken. Angiography also helps to assess the “routine” cases
more completely. For instance, does the patient with
secundum atrial septal defect have associated left ventricu-
lar dysfunction or mitral valve prolapse? Does the patient
with ventricular septal defect have associated aortic regur-
gitation (caused by prolapse of the medial aortic leaflet) or
infundibular pulmonic stenosis?

Angiography, however, cannot replace the important
physiologic measurements that allow quantitation of flow
and vascular resistance. Without quantitative evaluation of
pulmonary and systemic flows (Qp and Qs) and their asso-
ciated resistances (PVR and SVR), appropriate decisions
regarding patient management cannot be made, nor can
prognosis be assessed.

DETECTION OF RIGHT-TO-LEFT
INTRACARDIAC SHUNTS

The primary indication for the use of techniques to detect
and localize right-to-left intracardiac shunts is the presence
of cyanosis or, more commonly, arterial hypoxemia. The
presence of arterial hypoxemia raises two specific questions:
first, is the observed hypoxemia owing to an intracardiac
shunt, or is it owing to a ventilation/perfusion imbalance
secondary to a variety of forms of intrinsic pulmonary dis-
ease? This problem is particularly important in patients
with coexistent congenital heart disease and pulmonary
disease. Second, if hypoxemia is caused by an intracardiac
shunt, what is its site and what is its magnitude?

Attempts to measure right-to-left shunts in patients with
cyanotic heart disease date back at least to 1941 (20–23).
Prinzmetal (20), in a series of ingenious experiments,
expanded the earlier observation of Benenson and Hitzig
that ether injected intravenously in patients with cyanotic
heart disease will cause a prickly, burning sensation of the
face (18). This sensation is caused by the entrance of ether
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Figure 9.3 Left-to-right shunt. This indicator dilution curve, per-
formed by injecting indocyanine green into the pulmonary artery
with sampling in the brachial artery, demonstrates early recircula-
tion on the downslope, indicating a left-to-right shunt. Injection
was at time zero. This technique does not localize the site of the
left-to-right shunt.



into the systemic circulation of patients with right-to-left
shunts. In normal subjects without right-to-left shunts, the
ether is eliminated by the lungs and thus does not reach
the systemic circulation. Prinzmetal then measured the
time necessary for an intravenous injection of a dilute
solution of saccharin to be tasted. This time is equal to the
transit time from a peripheral vein through the lungs,
through the left heart, and then to the systemic circulation.
By increasing the concentration of the saccharin, he found
that a second, much shorter appearance time occurred in
patients with cyanotic heart disease because of the pres-
ence of a right-to-left shunt bypassing the pulmonary cir-
culation. He then estimated the percent right-to-left shunt
by the following formula:

(9.13)% R S L Shunt �
A

A � C

where A is the smallest concentration of saccharin to be
tasted by way of the long circuit and C is the smallest con-
centration of saccharin to be tasted by the short circuit.
Our current methods of documenting and quantitating
right-to-left shunts may not be as ingenious and certainly
are not as sweet, but they are nonetheless effective.

Angiography

With appropriate techniques, angiography may be used to
demonstrate right-to-left intracardiac shunts. This method
is particularly important in detecting right-to-left shunting
owing to a pulmonary arteriovenous fistula. In this circum-
stance, the shunt cannot be detected by indicator dilution
curves on the basis of a shortened appearance time. That is,
the difference in transit time when the pulmonary capillar-
ies are bypassed is not perceptible by standard indicator
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Figure 9.4 Two-dimensional echo showing
right ventricular (RV) inflow tract (top), short
axis views at the base (middle) (AO � aorta),
and four-chamber apical view (bottom) in a
patient with an atrial septal defect (ASD) shown
at cardiac catheterization to be associated with
a Qp/Qs of 3.0. Left views. The anatomy before
echo contrast injection. Following an intra-
venous injection of agitated saline solution
(right views), a negative contrast effect (black
arrows) is seen within the right atrium (RA),
compatible with entry of unopacified blood
from the left atrium (LA) across the ASD into the
RA. The ASD is visualized (white arrow) as an
area of septal dropout. (Reproduced from Come
PC, Riley M. Contrast echocardiography. In:
Come PC, ed. Diagnostic cardiology: noninvasive
imaging techniques. Philadelphia: JB Lippincott,
1984:294, with permission.)



dilution techniques. Although angiography may localize
right-to-left shunts, it does not permit quantification.

Oximetry

The site of right-to-left shunts may be localized if blood
samples can be obtained from a pulmonary vein, the left
atrium, left ventricle, and aorta. The pulmonary venous
blood of patients with arterial hypoxemia caused by an
intracardiac right-to-left shunt is fully saturated with oxy-
gen. Therefore, the site of a right-to-left shunt may be local-
ized by noting which left heart chamber is the first to show
desaturation (i.e., a step-down in oxygen concentration).
Thus if left atrial blood oxygen saturation is normal but
desaturation is present in the left ventricle and in the sys-
temic circulation, the right-to-left shunt is across a ventric-
ular septal defect. The only disadvantage of this technique
is that a pulmonary vein and the left atrium must be
entered. This is not as easy in adults as it is in infants, in
whom the left atrium may be entered routinely by way of
the foramen ovale.

Echocardiographic methods have proved sensitive for the
detection and localization of left-to-right and right-to-left
shunts. The so-called echocardiographic contrast or “bub-
ble study” using agitated saline solution with microbub-
bles or some of the newer specifically designed echo
contrast agents can detect small shunts, and the use of two-
dimensional echocardiographic techniques can usually
localize the site of the shunt to the atrial or ventricular sep-
tum. Combined echocardiographic and cardiac catheteri-
zation studies allow injection of the echo contrast agent
into the right or left heart chambers sequentially, thus per-
mitting localization of the shunt and determination as to
whether it is unidirectional or bidirectional. Echo-Doppler
techniques can also be used to detect and localize intracar-
diac shunts. In this regard, color Doppler echocardiogra-
phy is particularly useful in detecting and localizing small
intracardiac shunts without the need for injection of an
echo contrast agent. An example of the use of echo-con-
trast technique for the detection of an atrial septal defect
with left-to-right shunting is shown in Fig. 9.4.
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10Calculation of Stenotic

Valve Orifice Area
Blase A. Carabello William Grossman

The normal cardiac valve offers little resistance to blood
flow. As valvular stenosis develops, there is progressively
more resistance to flow, causing a pressure drop (pressure
gradient) across the valve. At any stenotic orifice size, greater
flow across the orifice yields a greater pressure gradient.
Using two fundamental hydraulic formulas, Dr. Richard
Gorlin and his father developed a formula for the calcula-
tion of cardiac valvular orifices from flow and pressure-
gradient data (1). Today, this formula is usually calculated
by computerized pressure monitoring systems, but it is still
valuable to understand its derivation and characteristics.

GORLIN FORMULA

The first hydraulic formula that the Gorlins used was based
on Torricelli’s law, which describes flow across a round orifice:

F � AVCC (10.1)

where F is flow rate, A is orifice area, V is velocity of flow,
and Cc is the coefficient of orifice contraction. The constant
Cc compensates for the physical phenomenon that, except
for a perfect orifice, the area of a stream flowing through an
orifice will be less than the true area of the orifice.

Rearranging the terms,

(10.2)

The second hydraulic principle used in the derivation of
the Gorlin formula relates pressure gradient and velocity of
flow according to Torricelli’s law:

(10.3)

where V is velocity of flow; Cv is the coefficient of velocity,
correcting for energy loss as pressure energy is converted to

V2 � (Cv)
2�2gh  or  V � (Cv)22gh

A �
F

VCC

kinetic or velocity energy; h is the pressure gradient in cm
H2O, and g is the gravitational constant (980 cm/sec2) for
converting cm H2O to units of pressure.

Combining the two equations,

(10.4)

where C is an empirical constant accounting for CV and CC,
the expression of h in mm Hg (rather than cm H2O), and
correcting the calculated valve area to the actual valve area
measured at surgery or autopsy.

It is obvious that antegrade flow across the mitral and
tricuspid valves occurs only in diastole, whereas that across
the aortic and pulmonic valves occurs only in systole.
Accordingly, the flow, F, for Eq. (10.4) is the total cardiac
output expressed in terms of the seconds per minute during
which there is actually forward flow across the valve. For the
mitral and tricuspid valves, this is calculated by multiplying
the diastolic filling period (seconds per beat) by the heart
rate (beats per minute [bpm]), yielding the number of sec-
onds per minute during which there is diastolic flow. The
cardiac output in milliliters per minute (or cm3/minute) is
then divided by the seconds per minute during which there
is flow, yielding diastolic flow in cubic centimeters per sec-
ond. For the aortic and pulmonic valves, the systolic ejec-
tion period is substituted for the diastolic filling period. The
manner in which the diastolic filling period and systolic
ejection period are measured is shown in Fig. 10.1. The
diastolic filling period begins at mitral valve opening and
continues until end-diastole. The systolic ejection period
begins with aortic valve opening and proceeds to the
dicrotic notch or other evidence of aortic valve closure.

�
F

(C)(44.3)2h

A �
F

Cv22gh �CC

�
F

CV CC22 �980 �h



Thus the final equation for the calculation of valve ori-
fice area A (in cm2) is

(10.5)

where CO is cardiac output (cm3/minute), DFP is diastolic
filling period (seconds/beat), SEP is systolic ejection
period (seconds/beat), HR is heart rate (beats/minute), C
is an empirical constant, and P is the pressure gradient. The
DFP is measured directly from left ventricular versus pul-
monary capillary wedge or left atrial pressure tracings as
shown in Fig. 10.1.

An empirical constant of 0.7 (later adjusted to 0.85) was
derived by comparing calculated and actual mitral valve
areas (1,2). Using this constant, the maximum deviation of
the calculated valve area from the measured valve area was
0.2 cm2. The empirical constant for the aortic tricuspid and
pulmonic valve was never derived. The constant for these
valves has been assumed to be 1.0 (i.e., 1.0 � 44.3 � 44.3)
because of lack of data comparing actual with calculated
valve areas for those valves. Nonetheless, the Gorlin for-
mula remains the gold standard for assessing the severity
of stenotic cardiac valves.

MITRAL VALVE AREA

By rearranging the terms of Eq. (10.5), one sees that for the
mitral valve,

(10.6)�P � c CO/(HR)(DFP)

(MVA)(44.3)(0.85)
d 2

A �
CO/(DFP or SEP)(HR)

44.3C 2�P

where �P is mean transmitral pressure gradient and MVA is
mitral valve area. Thus, by doubling cardiac output one
will quadruple the gradient across the valve, if heart rate
and diastolic filling period remain constant. The normal
mitral orifice in an adult has a cross-sectional area of 4.0 to
5.0 cm2 when the mitral valve is completely open in dias-
tole. Considerable reduction in this orifice area can occur
without symptomatic limitation, but when the area is
1.0 cm2 or less, a substantial resting gradient will be pre-
sent across the mitral valve, and any demand for increased
cardiac output will be met by increases in left atrial and
pulmonary capillary pressure that lead to pulmonary con-
gestion and edema.

Figure 10.2 demonstrates that a cardiac output of
5 L/minute can be maintained with only a minimal mitral
diastolic gradient as the mitral orifice area contracts from
its normal 4.0 to 5.0 cm2 to a moderately stenotic area of
2.0 cm2. After that, the gradient rises so that, at an orifice
area of 1.0 cm2, a resting gradient of 8 to 10 mm Hg is
required to maintain cardiac output at 5 L/minute with a
normal resting heart rate of 72 bpm (Fig. 10.2A). Note
that even at this level of cardiac output, substantial
increases in gradient may occur in response to tachycardia
(Fig. 10.2B,C), which reduces the total time per minute
available for diastolic filling. Thus, 1.0 cm2 is generally
viewed as the critical mitral valve area because only small
increases in cardiac output lead to pulmonary congestion
and severe dyspnea. However, some allowance, needs to
be made for the patient’s size in assessing critical valve
area. Larger patients need greater flows than smaller
patients need to maintain tissue perfusion, and they also
have higher gradients because of greater cardiac output for
any given valve orifice area. Thus 1.2 cm2 could be a criti-
cal mitral valve area for a larger patient. Currently, no uni-
form agreement exists on indexing critical valve area to
body size.

Example of Valve Area Calculation 
in Mitral Stenosis

Figure 10.3 shows pulmonary capillary wedge (PCW) and
left ventricular (LV) pressure tracings in a 40-year-old
woman with rheumatic heart disease and severe mitral
stenosis. This woman also had hypertension and signifi-
cant elevation of her LV diastolic pressure. The valve orifice
area is calculated with the aid of a form reproduced as
Table 10.1. In this patient, five beats were chosen from the
recordings taken closest in time to the Fick cardiac output
determination. Planimetry of the area between PCW and
LV pressure tracings (Fig. 10.3) was done for these five
beats, and these areas were divided by the length of the
diastolic filling periods for each beat, giving an average
gradient deflection in millimeters. The mean gradient in
millimeters of mercury (Table 10.1, part B) was calculated
as the average gradient deflection in millimeters multi-
plied by the scale factor (mm Hg/mm deflection). In this
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Figure 10.1 Left ventricular (LV), aortic (Ao), and pulmonary
capillary wedge (PCW) pressure tracings from a patient without
valvular heart disease, illustrating the definition and measurement
of diastolic filling period (DFP) and systolic ejection period (SEP).
See text for discussion.



case, the mean gradient was 30 mm Hg. Next, the average
diastolic filling period was calculated (Table 10.1, part C)
using the average measured length between initial PCW-LV

crossover in early diastole and end-diastole (peak of the
R wave by ECG). This average length in millimeters is
divided by the paper speed (mm/second) to give the aver-
age diastolic filling period, which in this case was 0.40 sec.
Heart rate and cardiac output (Table 10.1, parts D and E)
are recorded, ideally from data collected simultaneously
with the recording of the PCW-LV pressure gradient. Heart
rate was 80 bpm and cardiac output was 4,680 cm3/minute
in the case illustrated in Fig. 10.3. Note that cardiac output
must be expressed in cubic centimeters per minute if valve
area is expressed in square centimeters of cross-sectional
area.

Entering these values in the formula given in Table 10.1,
part F, and using a constant of 0.85(44.3) � 37.7 for the
mitral valve, we get

Mitral orifice area �

� 0.71 cm2 (10.7)

Because the accuracy of the method to hundredths of a
square centimeter has not been demonstrated, the result-
ing valve area is rounded off and expressed as 0.7 cm2.

Pitfalls

Pulmonary Capillary Wedge Tracing

In most cases, PCW pressure is substituted for left atrial
pressure under the assumption that a properly confirmed
wedge pressure accurately reflects left atrial pressure.
Nishimura et al. (3) found that transmitral gradient was
overestimated by 3.3 to 3.5 mm Hg when a Swan-Ganz

(4,680cm3/min)/(80beats/min)(0.40sec/beat)

37.7230mm Hg
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Figure 10.2 Relationships between cardiac output and mean
diastolic pressure gradient in patients with mitral stenosis, calcu-
lated using Eq. 10.6, derived from the Gorlin formula. Curves rep-
resent orifice areas of 4.0, 2.0, 1.0, 0.7, and 0.5 cm2. A–C. Flow-
gradient relations at differing heart rates and diastolic filling periods
(see text for discussion). (Courtesy of Dr. James J. Ferguson III.)

Figure 10.3 Pulmonary capillary wedge (PCW) and left ventric-
ular (LV) pressure tracings in a 40-year-old woman with severe
mitral stenosis. This woman also had systemic arterial hyperten-
sion and significant elevation of her LV diastolic pressure. See text
for discussion.



catheter was used to measure wedge pressure compared
with actual left atrial pressure. However, these “wedge”
pressures were not confirmed as true wedge pressures, using
the techniques described in Chapter 4. Conversely, Lange et
al. (4) measured left atrial pressure directly (trans-septal)
and compared it with oximetrically confirmed wedge pres-
sure obtained using a stiff woven Dacron catheter. In this
study, overestimation of true left atrial pressure was only
1.7  0.6 mm Hg. Thus we and others believe that the
weight of evidence (5) and our own experience support
the use of the PCW pressure as a satisfactory substitution
for left atrial pressure, except in some patients with pul-
monary veno-occlusive disease or cor triatriatum. Failure
to wedge the catheter properly may, however, cause one to
compare a damped pulmonary artery pressure with the LV
pressure, yielding a falsely high gradient. To ensure that
the right heart catheter is properly wedged, one should
verify that

1. The mean wedge pressure is lower than the mean pul-
monary artery pressure

2. Blood withdrawn from the wedged catheter is �95%
saturated with oxygen, or at least equal in saturation to
arterial blood.

Alignment Mismatch

Alignment of the PCW and LV pressure tracings does not
match alignment of simultaneous left atrial and LV tracings
because there is a time delay in the transmission of the left

atrial pressure signal back through the pulmonary venous
and capillary beds. The resulting pressure mismatch is
small when PCW pressure is measured in the distal pul-
monary arteries using a 7F or 8F Cournand or Goodale-
Lubin catheter, but may be larger when wedge pressure is
measured more proximally in the pulmonary arterial tree
using a balloon-tipped flow-directed catheter. As illus-
trated in Fig. 5.8, the A and V waves in an optimally
damped PCW tracing are delayed typically by 50 to 70 mil-
liseconds compared with a simultaneous left atrial pres-
sure tracing. Thus, ideally, the wedge pressure should be
realigned with the LV pressure (using tracing paper) by
shifting it leftward by 50 to 70 milliseconds.

The V wave, which is normally present in the left atrium
(where it represents pulmonary venous return), peaks
immediately before the downstroke of the LV pressure trac-
ing. With a wedge pressure measured distally using a 7F
Goodale-Lubin catheter (Fig. 10.3), the peak of the V wave
is bisected by the rapid downstroke of LV pressure decline.
Realignment of a wedge tracing so that the V wave peak is
bisected by (or slightly to the left of ) the downstroke of LV
pressure is a practical method for achieving more physio-
logic realignment.

Calibration Errors

Failure to calibrate pressure transducers properly and
adjust them to the same zero reference point may yield an
erroneous gradient. A quick way to check the validity of an
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VALVE ORIFICE AREA DETERMINATION
TABLE 10.1

Patient _____________________________ Age ________ Unit number ____________ Date ___________
Area of Length of diastolic or Average gradient

A. Complex no. gradient (mm2) / systolic period (mm) � (deflection, mm)
1. ______________ / ______________ � ______________
2. ______________ / ______________ � ______________
3. ______________ / ______________ � ______________
4. ______________ / ______________ � ______________
5. ______________ / ______________ � ______________

B. Mean gradient � Average gradient (mm deflection) � scale factor (mm Hg/mm deflection)
� ______________ � ______________ � ______________ mm Hg

C. Average diastolic or systolic period � average length (mm)/paper speed (mm/sec)
� ______________/______________ � ______________ sec/beat

D. Heart rate � ______________ beat/min
E. Cardiac output (Fick or indicator dilution) � ______________ mL/min

F.

______________/(______________ � ______________)
� _____________________________________________________ � ______________ cm2

______________ �

G. Valve area index � valve area body surface area � ______________ cm2/m2

a Valve constants: for mitral valve use 37.7; for aortic, tricuspid, and pulmonic valves use 44.3.

2

Valve area �
cardiac output/(heart rate � avg. diastolic or systolic period)

valve constanta � 2mean gradient



unsuspected transmitral pressure gradient is to switch left
and right heart catheters to opposite transducers, which if
calibrated correctly yield the same gradient.

Cardiac Output Determination

Cardiac output must be determined accurately using the
techniques described in Chapter 8. The cardiac output
used in valve area calculation should be the value mea-
sured simultaneously with the gradient determination. The
measurement used in the valve area formula is usually the
forward cardiac output determined by the Fick method or
the thermodilution method. If mitral valvular regurgita-
tion exists, the gradient across the valve will reflect not
only net forward flow but forward plus regurgitant or total
transmitral diastolic flow. Thus using only net forward
flow to calculate the valve orifice area will underestimate the
actual anatomic valve area in cases where regurgitation
coexists with stenosis. It is worth noting that many patients
with mitral stenosis have coexistent tricuspid regurgitation.
As indicated in Chapter 8, tricuspid regurgitation may
cause the thermodilution technique of measuring cardiac
output to be inaccurate.

Early Diastasis

Even when left atrial and LV pressures equalize (diastasis)
before the end of diastole, there will generally still be flow
through the mitral valve after the point of diastasis. The
diastolic filling period to be used in valve area calculation
should include all of nonisovolumic diastole, not just the
period during which a gradient is present.

AORTIC VALVE AREA

An aortic valve area of 0.7 cm2 or less is generally consid-
ered severe enough to account for the symptoms of angina,
syncope, or heart failure in a patient with aortic stenosis.
Because the development of symptoms in patients with
aortic stenosis portends an abrupt worsening of prognosis,
this valve area is termed critical. However, it must be
pointed out that no unique critical valve area has been
established and that an aortic valve area as large as 1.0 cm2

can cause symptoms and thus be critical, especially in a
large individual. Conversely, smaller calculated valve ori-
fice areas in a totally asymptomatic patient may not be crit-
ical. Figure 10.4 illustrates the relationship between cardiac
output and aortic pressure gradient over a range of values
for aortic valve area at three values for heart rate and sys-
tolic ejection period. For the aortic valve, Eq. (10.4) can be
rearranged as

(10.8)�P � cCO/(HR)(SEP)

44.3AVA
d 2
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Figure 10.4 Relationships between cardiac output and mean
aortic systolic pressure gradient in patients with aortic stenosis,
calculated using Eq. 10.7, derived from the Gorlin formula. Curves
represent orifice areas of 4.0, 2.0, 1.0, 0.7, 0.5, and 0.3 cm2. A–C.
Flow-gradient relations at differing heart rates and systolic ejec-
tion periods. (Courtesy of Dr. James J. Ferguson III.)



As can be seen in Fig. 10.4A, at a normal resting cardiac
output of 5.0 L/minute, an aortic orifice area of 0.7 cm2

will result in a gradient of approximately 33 mm Hg across
the aortic valve. Doubling of the cardiac output, as might
occur with exercise, would increase the gradient by a fac-
tor of 4 to 132 mm Hg if the systolic time per minute did
not change. This increase in gradient would require a
peak LV pressure in excess of 250 mm Hg to maintain a
central aortic pressure of 120 mm Hg. Such a major
increase in LV pressure obviously increases myocardial
oxygen demand and limits ejection performance. These
factors contribute to the symptoms of angina and conges-
tive heart failure, respectively (6,7). The limitations in car-
diac output imposed by high afterload may contribute to
hypotension when peripheral vasodilation occurs during
muscular exercise.

Actually, the systolic time per minute does not remain
constant during the increase in cardiac output associated
with exercise. As heart rate increases during exercise, the
systolic ejection period tends to become shorter, but the
tendency is counteracted by both increased venous return
and systemic arteriolar vasodilation, factors that normally
help to maintain LV stroke volume constant (or even allow
it to increase) during exercise. Thus, the heart rate is
increasing but the systolic ejection period is diminishing
only slightly so that their product (systolic ejection time
per minute) increases. This is the counterpart of the
decreased diastolic filling time per minute during exercise
discussed earlier. Examining Eq. (10.8), it can be seen that
the increase in cardiac output will be partially offset by the
increase in (HR)(SEP) so that the gradient will not quadru-
ple with a doubling of cardiac output during exercise.

Figure 10.4B and C show that with decreasing heart rate,
the gradient increases in aortic stenosis for any value of car-
diac output. This is opposite to the effect of heart rate in
mitral stenosis and reflects the opposite effects of heart rate
on systolic and diastolic time per minute. Viewed another
way, as the heart rate slows in aortic stenosis, the stroke
volume increases if cardiac output remains constant. Thus
the flow per beat across the aortic valve increases and so
does the pressure gradient.

As with mitral stenosis, some allowance must be made
for body size in defining a critical valve area in patients

with aortic stenosis; larger patients who require higher
output may become symptomatic at somewhat larger valve
areas. Thus, a very large man with a body surface area of
2.4 m2 and a cardiac index of 3.0 L/minute per m2 would
have a cardiac output of 7,200 mL/min. At a heart rate of
68 bpm (Fig. 10.4C), this man might have a 50-mm Hg
aortic valve gradient with an orifice area of 0.9 to 1.0 cm2.
Thus, for him, this might be a critical valve area.

Example

Figure 10.5 demonstrates simultaneous pressure tracings
from the left ventricle (LV) and right femoral artery (RFA)
in a patient with exertional syncope. Because the pulse
wave takes a finite period of time to travel from the left
ventricle to the femoral artery, the femoral artery tracing is
somewhat delayed (Fig. 10.5A). Figure 10.5B shows the LV
and RFA tracings realigned to correct for the delay in trans-
mission time. This is accomplished by using tracing paper
and aligning the arterial upstroke to coincide with the LV
upstroke. After such alignment, the mean pressure gradient
can now be obtained by planimetry, and the orifice area
can be calculated using the form given in Table 10.1. For
this example, the average aortic pressure gradient is 40 mm
Hg, the systolic ejection period is 0.33 sec, the heart rate is
74 bpm, and the cardiac output is 5,000 mL/min. Using
these values together with an aortic valve constant of
(1)(44.3) � 44.3 in the equation in Table 10.1 gives

Aortic valve area �

� 0.7 cm2 (10.9)

As discussed in Chapter 7, peripheral arterial pressure
waveforms are distorted in ways other than time delay.
These distortions include systolic amplification and spread-
ing out (widening) of the pressure waveform. To assess
possible errors introduced by the use of peripheral arterial
pressure as a substitute for ascending aortic pressure, Folland
et al. (8) compared the LV-ascending aortic (LV-Ao) mean
gradient in 26 patients with aortic stenosis with the LV-
femoral artery (LV-FA) systolic gradient, with and without

(5,000cm3/min)/(74beats/min)(0.33sec/beat)

44.3240mm Hg
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Figure 10.5 Left ventricular (LV) and right femoral artery
(RFA) pressure tracings in a patient who presented with exer-
tional syncope owing to aortic stenosis. A. The tracings actu-
ally recorded, demonstrating the significant time delay for the
pressure waveform to reach the RFA. B. Realignment using
tracing paper. (See text for discussion.)A B



realignment (Fig. 10.6). Without realignment, the LV-FA
gradient overestimated the LV-Ao gradient by about 9 mm
Hg. In contrast, aligned LV-FA gradients underestimated
the LV-Ao gradient by about 10 mm Hg, possibly because
peak systolic arterial pressure is higher in peripheral arter-
ial pressure tracings than in central aortic tracings so that
the planimetered gradient is smaller when using LV-FA.
Without realignment, this effect is offset by the fact that
much of the arterial systolic waveform is outside and to the
right of the LV pressure tracing (Fig. 10.6). A second error

in gradient measurement can occur if the LV catheter is
placed in the LV outflow tract (9). As shown in Fig. 10.7, a
gradient usually exists between the body of the left ventri-
cle and outflow tract, produced as blood accelerates when
it enters this relatively narrow portion of the left ventricle.
A catheter tip placed in the LV outflow tract will measure a
typical LV pressure tracing, but can underestimate the true
LV-aorta gradient by 30 mm Hg.

Assey et al. (10) measured the transaortic valve gradients
in 15 patients from eight different combinations of catheter
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Figure 10.6 Pressure gradients in
aortic stenosis. A. The left ventricular
(LV)–central aortic gradient. B. LV-
femoral artery gradient without align-
ment. C. LV-femoral artery gradient
with alignment obtained by moving
the femoral artery tracing leftward so
that its upstroke coincides with the LV
pressure upstroke. (Reproduced with
permission from Folland ED, Parisi
AF, Carbone C. Is peripheral arterial
pressure a satisfactory substitute for
ascending aortic pressure when mea-
suring aortic valve gradients? J Am
Coll Cardiol 1984;4:1207.)

Figure 10.7 A. Pressure tracings recorded from two catheters placed within the body of the left
ventricular (LV) chamber. Tracings are nearly identical. B. Pressures recorded by two catheters, one
placed in the body of the left ventricular chamber and the other placed in the left ventricular outflow
tract (LVOT), proximal to the aortic valve (AO). Both catheters record characteristic left ventricular
pressure tracings; however, there is a substantial pressure gradient between the body of the left
ventricle and the outflow tract. This is not owing to anatomic subvalvular stenosis but rather to
acceleration of blood as it enters the relatively narrow outflow tract. C. Pressures recorded from the
catheter in the body of the left ventricle and from a second catheter in the proximal aorta. These
tracings demonstrate the gradient across the aortic valve and outflow tract. (Reproduced from
Pasipoularides A. Clinical assessment of ventricular ejection dynamics with and without outflow
obstruction. J Am Coll Cardiol 1990;15:859, with permission.)

A B C



locations using the schema shown in Fig. 10.8. The average
mean gradient recorded between positions 1 and 3 was the
greatest, whereas the gradient between positions 1 and 5
using the alignment technique produced the smallest value.

In some patients, the differences in gradient among the
different measurement sites were as much as 45 mm Hg.
In calculating aortic valve area, the gradient between sites 1
and 3, which records gradient before pressure recovery, is
probably the most accurate reflection of the pressure drop
across the valve. When the aortic catheter is placed at a
more distal site, it records the effect of pressure recovery,
which reduces gradient as blood flow again becomes lami-
nar. The more proximal aortic position is probably the
ideal location for measuring the gradient for the valve area
calculation; the more distal positions may better reflect the
actual overload on the myocardium. When the transvalvu-
lar gradient recorded from positions 1 and 5a in Fig. 10.8 is
larger than 60 mm Hg, these differences are of little clini-
cal importance. When a small transvalvular gradient is
present in conjunction with a low cardiac output, however,
the differences between aligned and unaligned tracings
and between gradients recorded at different catheter loca-
tions may affect the decision about whether to replace the
valve. In such instances, we recommend that the problem
be obviated by placing a second catheter in the proximal
ascending aorta without need for alignment (8; Fig.
10.6A). As an alternative, the difference between peak
central aortic and peripheral arterial pressure is added to
the planimetered gradient measured during the Fick out-
put determination. This compensates for the fact that the
planimetered gradient with realignment (Fig. 10.6C) under-
estimates the true gradient (Fig. 10.6A). The most accurate
approach, however, involves the use of a second catheter
positioned in the ascending aorta, as discussed earlier.

Another approach to increasing the accuracy of transaor-
tic valve gradient measurement using simultaneous LV and
femoral artery pressures has been introduced by Krueger
et al. (11) at the University of Utah. As seen in Fig. 10.9,
the mean LV systolic pressure during interval A and the
mean femoral artery systolic pressure during interval B
are determined by planimetry. Their difference was nearly
identical to the gradient measured by planimetry of simul-
taneous LV and central aortic pressures and was more accu-
rate than other techniques commonly used (11).
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Figure 10.8 Two sites for recording left ventricular pressure
(1 and 2) and three sites for recording distal pressure (3, 4, and 5)
are shown. Site 5u represents the actual femoral artery pressure
tracing, which is unaligned with the left ventricular pressure trac-
ing. Site 5a represents the recording obtained from the femoral
artery, which is then manually aligned to match the left ventricular
pressure tracing in time. The following are the potential recording
sites for obtaining the transaortic valve pressure gradient in aortic
stenosis: 1–3, 1–4, 1–5a, 1–5u, 2–3, 2–4, 2–5a, and 2–5u. Gradients
recorded at these different sites may vary widely in any given
patient. (Reproduced with permission from Assey ME, Zile MR,
Usher BW, Karavan MP, Carabello BA. Effect of catheter position-
ing on the variability of measured gradient in aortic stenosis.
Cathet Cardiovasc Diagn 1993;30:287.)

Figure 10.9 Simultaneous recordings of left ventricular (LV)
and femoral artery (FA) pressures in a patient with aortic stenosis.
The mean LV systolic pressure during interval A and the mean FA
systolic pressure during interval B are determined by planimetry,
and the systolic LV-aortic gradient is estimated as the difference
between these mean pressures. (Reproduced with permission
from Krueger SK, Orme EC, King CS, Barry WH. Accurate deter-
mination of the transaortic valve gradient using simultaneous left
ventricular and femoral artery pressures. Cathet Cardiovasc
Diagn 1989;16:202.)



ALTERNATIVES TO THE GORLIN
FORMULA

A simplified valve formula for the calculation of stenotic
cardiac valve areas was proposed by Hakki et al. (13) and
tested in 100 consecutive patients with either aortic or
mitral stenosis. The simplified formula is

(10.10)

and is based on their observation that the product of heart
rate, SEP or DFP, and the Gorlin formula constant was
nearly the same for all patients whose hemodynamics were
measured in the resting state, and the value of this product
was close to 1.0. For the examples given earlier in this
chapter, the simplified formula works reasonably well.
Thus for the patient with mitral stenosis (Fig. 10.3) with a
cardiac output of 4,680 mL/minute and a mitral diastolic
gradient of 30 mm Hg, mitral valve area is 4.68 divided by
the square root of 30, or 0.85 cm2 using the simplified for-
mula as opposed to the value of 0.71 cm2 calculated using
the Gorlin formula. For the patient with aortic stenosis
whose tracings are shown in Fig. 10.5 (cardiac output
5 L/minute, aortic gradient 40 mm Hg), the aortic valve
area by the simplified formula is 5 divided by the square
root of 40, or 0.79 cm2 as opposed to 0.73 cm2 by the
Gorlin formula. Because the percentage of time per minute
spent in diastole or systole changes substantially at higher
heart rates, the simplified formula may be less useful in the
presence of substantial tachycardia. This point, however,
has not been tested adequately.

ASSESSMENT OF AORTIC STENOSIS IN
PATIENTS WITH LOW CARDIAC OUTPUT

In the patient with a forward cardiac output of 3 L/min, a
mean transvalvular gradient of 20 mm Hg will yield a cal-
culated valve area of 0.7 cm2, indicating critical aortic
stenosis. However, not all such patients actually have
severe aortic stenosis. Valve calculations made using the
Gorlin formula are flow dependent. That is, as cardiac out-
put increases, calculated area increases, and as cardiac
output decreases, calculated area decreases (14,15). Two
potential mechanisms exist by which calculated valve ori-
fice area increases with cardiac output: (a) Increased flow
through the stenotic aortic valve in conjunction with
increased LV pressure physically opens the valve to a
greater orifice area, and thus the valve orifice really is wider
during increased flow, and (b) inaccuracies in the Gorlin
formula cause the calculated area (but not necessarily the
actual orifice area) to be flow dependent. The Gorlins
themselves noted that they had no data from which to
calculate an empirical constant for the aortic valve (1).
Indeed, such a constant has never been calculated but has
been assumed to be 1.0 by the cardiologic community. The

Valve area �
cardiac output (liters/min)

2pressure gradient
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If a second catheter is not used to obtain simultaneous
LV and peripheral pressures, the gradient may be obtained
by recording LV pressure and superimposing it on the
aortic pressure obtained immediately after the LV catheter
is pulled back into the aorta.

Pitfalls

Transducer Calibration

As with calculation of mitral valve area, attention to cardiac
output determination and transducer calibration is critical.
Assurance that proper transducer calibration has been
accomplished can be obtained by comparing the left heart
catheter pressure with the peripheral arterial catheter pres-
sure before insertion of the left heart catheter into the left
ventricle. Because in the absence of peripheral stenosis mean
arterial pressure will be the same throughout the arterial
tree, the mean pressures recorded by both catheters should
be identical, confirming identical transducer calibration.
Further gradient verification is made by comparing the LV
pressure with aortic pressure obtained by the left heart
catheter during catheter pullback. In this case, both LV and
aortic pressures are recorded by the same catheter and trans-
ducer, eliminating the second transducer as a source of error.

Pullback Hemodynamics

When the aortic valve area is diminished to 0.6 cm2 or less,
a 7F or 8F catheter placed retrograde across the valve takes
up a significant amount of the residual orifice area, and the
catheter may actually increase the severity of stenosis.
Conversely, removal of the catheter reduces the severity of
stenosis. We have observed that a peripheral pressure rise
occurs in severe aortic stenosis when the LV catheter is
removed from the aortic valve orifice (12). In our experi-
ence, an augmentation in peripheral systolic pressure of
more than 5 mm Hg at the time of LV catheter pullback
indicates that significant aortic stenosis is present. This
sign is present in �80% of patients with an aortic valve
area of 0.5 cm2 or less, a point that is discussed further in
Chapter 29.

AREA OF TRICUSPID 
AND PULMONIC VALVES

Because of the rarity of tricuspid and pulmonic stenosis in
adults, no general agreement exists as to what constitutes a
critical orifice area for these valves. In general, a mean
gradient of 5 mm Hg across the tricuspid valve is suffi-
cient to cause symptoms of systemic venous hypertension.
Gradients across the pulmonic valve of �50 mm Hg are
usually well tolerated, but gradients of �100 mm Hg indi-
cate a need for surgical correction. Between 50 and 100
mm Hg, decisions regarding surgical correction depend on
the clinical features in each case.



issue remains in doubt, but in all probability both expla-
nations are correct in part.

On one hand, Tardif and coworkers have shown that
two-dimensional transesophageal echocardiographic imag-
ing of the stenotic aortic valve has failed to demonstrate
true change in valve orifice areas when increased flow
caused calculated area to increase (16). These data suggest
that the relationship between calculated area and flow
dependence resides within the calculation rather than in
representing a true change in area. However, it remains
unclear whether the echocardiographic method used is
sensitive enough to detect tiny (0.2 to 0.4 cm2) changes in
actual valve area. On the other hand, Voelker and col-
leagues working in vitro concluded that changes in calcu-
lated orifice area with changes in flow were probably
owing to actual changes in valve area (17). Flow depen-
dence of calculated valve orifice area appears less in bicus-
pid than in tricuspid valves (18), but is greater at lower
than at higher flows (19).

These problems in assessing stenosis severity have
substantial clinical importance. Consider a patient with
reduced cardiac output and low LV ejection fraction who
has both cardiomyopathy and mild aortic stenosis.
Despite a calculated valve area of 0.7 cm2, such a patient
will probably not benefit from aortic valve replacement
because aortic stenosis was not the cause of the LV dys-
function. On the other hand, although patients with low
aortic valve gradients are generally at higher risk for
perioperative death associated with aortic valve replace-
ment (7,20), Brogan et al. (21) have demonstrated that
some patients with low gradients may improve substan-
tially following surgery. It is likely that such patients
have truly severe aortic stenosis, which is the cause of
their hemodynamic decompensation; in these patients,
correcting the aortic stenosis is beneficial. 

Preliminary data from three studies suggest that cau-
tious hemodynamic manipulation in the catheterization
laboratory can distinguish between these two different
clinical entities (22–25). In patients with mild aortic
stenosis, an infusion of nitroprusside or dobutamine
increases forward output substantially, but may actually
decrease the transvalvular gradient. In such cases, the cal-
culated aortic valve area increases dramatically and is no
longer within the critical range. On the other hand, in
patients with truly severe aortic stenosis, infusion of nitro-
prusside widens the transvalvular gradient and increases
the calculated aortic valve area only slightly, if at all. The
results of nitroprusside infusion in a patient with mild
aortic stenosis are demonstrated in Table 10.2 (24). The
patient’s initial calculated valve orifice area was 0.6 cm2,
which would indicate a need for surgery. However, follow-
ing nitroprusside infusion, the gradient actually fell and
calculated valve area increased. The patient improved on
chronic vasodilator therapy, usually contraindicated in aor-
tic stenosis unless the disease is mild. It must be empha-
sized that infusion of nitroprusside in patients with aortic

stenosis must be performed with great caution, because if
true aortic stenosis is present, hypotension may result. If it
is known that the patient has normal coronary arteries,
dobutamine, which produces similar changes in cardiac
output, can be infused instead of nitroprusside. However,
dobutamine infusion may be dangerous in patients who
also have coronary disease, in whom it may precipitate
ischemia.

VALVE RESISTANCE

Valve resistance is simply the mean aortic valve gradient
divided by the cardiac output per second of systolic flow. It
has the advantage of being calculated from two directly
obtained pieces of data (output and gradient) and requires
no discharge coefficient (26). A simplified formula for
calculating aortic valve resistance is

(10.11)

Valve resistance has been shown by Cannon et al. (22) to
help separate patients with severe aortic stenosis from those
patients who had similarly small calculated aortic valve
areas, but who were subsequently demonstrated to have
mild disease. Resistance appears less flow dependent than
valve area (22,26). Resistance is unlikely to supplant the
Gorlin formula in assessing stenosis severity, but may be an
important adjunct to it in patients with low cardiac output.

Currently, we recommend cautious hemodynamic
manipulation with dobutamine or nitroprusside for
patients with a cardiac output of �4.5 L/minute who have a
transvalvular gradient of �40 mm Hg and a valve resistance
of �275 dyn�sec�cm�5. If patients respond by substantially
increasing the measured gradient, they probably have truly
severe aortic stenosis and may benefit from aortic valve

a Mean
gradient

b a Systolic ejection
period

b aHeart
rate

b � 1.33

Cardiac output (liters/min)
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NITROPRUSSIDE INFUSION IN A PATIENT
WITH MILD AORTIC STENOSIS

TABLE 10.2

Nitroprusside
Baseline (0.5 �g/kg/min)

Cardiac output (liters/min) 3.0 4.5
Left ventricular pressure 130/30 120/20

(mm Hg)
Aortic pressure (mm Hg) 90/60 90/50
Aortic valve area (cm2) 0.6 1.0
Valve resistance 200 160

(dyn�sec�cm�5)

From Carabello BA, Ballard WL, Gazes PC. Patient 65. Cardiology
Pearls. Philadelphia: Hanley & Belfus, 1994:142.



replacement. However, if cardiac output increases substan-
tially but gradient increases only slightly or actually
declines, the aortic stenosis is mild and the patient is
unlikely to benefit from aortic valve replacement.
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Diagnostic coronary angiography (also called coronary
arteriography) is now the principal component of cardiac
catheterization, with an estimated 2,000,000 procedures
(roughly 800 per 100,000 population) performed each
year in the United States (1,2). The goal is to examine the
entire coronary tree (both native vessels as well as any sur-
gically constructed bypass grafts) while recording details of
the coronary anatomy that include the following: the pat-
tern of arterial distribution, anatomic or functional pathol-
ogy (atherosclerosis, thrombosis, congenital anomalies, or
focal coronary spasm), and the presence of intercoronary
and intracoronary collateral connections. The procedure is
typically performed in 30 minutes or less, under local anes-
thesia, on an outpatient basis, with a procedure-related
major complication rate (death, stroke, myocardial infarc-
tion, see Chapter 3) of �0.1%. By performing a series of
intracoronary contrast injections in carefully chosen angu-
lated views using current high-resolution x-ray imaging
(see Chapter 2), it is possible to define all portions of the
coronary arterial circulation down to vessels as small as
0.3 mm, free of any artifacts owing to vessel overlap or
foreshortening.

There is currently no other imaging technique that gives
as detailed a view of the coronary circulation, although
noninvasive techniques such as magnetic resonance
angiography (MRA) and multidetector and electron-beam
computed tomography (MDCT, EBCT) have improved
their resolution and emerged as effective screening tests for
coronary artery disease in the proximal coronary arteries,
coronary anomalies, and patency of surgical bypass grafts
(3,4). But for patients with compelling ischemic symp-
toms, what begins as a diagnostic procedure can quickly
shift to a definitive therapy (percutaneous coronary inter-
vention or PCI, see Chapters 22–24) performed through

the same access site. Even so, coronary angiography is lim-
ited to examination of only the coronary lumen and not
the endothelial surface, plaque content, vessel wall, or
(except indirectly) coronary flow physiology. When those
features are in question, coronary angiography may be sup-
plemented by intravascular ultrasound, optical computer-
ized tomography, angioscopy, or intracoronary pressure
and flow measurements (see Chapters 18 and 19). Despite
these limitations, selective coronary angiography still
remains the clinical gold standard for evaluating coronary
anatomy. The performance of high-quality coronary angiog-
raphy to safely define each and every coronary stenosis in
an optimal view is an important measure of an operator’s
skill in cardiac catheterization and is the foundation on
which the ability to perform successful coronary interven-
tion is based.

CURRENT INDICATIONS

The various current indications for coronary angiography
are summarized comprehensively in the most recent set of
AHA/ACC guidelines on coronary angiography (2), available
online at http://www.acc.org/clinical/topic/topic.htm. Al-
though the details of these indications continue to evolve
as new applications of catheter-based therapy are devel-
oped, they are still best summarized by the principle stated
by F. Mason Sones—coronary arteriography is indicated
when a problem is encountered whose resolution may be
aided by the objective demonstration of the coronary
anatomy, provided competent personnel and adequate
facilities are available and the potential risks are acceptable
to the patient and physician. 

The most frequent indication is the further evaluation
of patients in whom the diagnosis of coronary atheroscle-
rosis is almost certain and in whom anatomic correction
by means of coronary bypass surgery or PCI is contem-
plated. Angiographic evaluation of coronary anatomy in

a The contribution of William Grossman to this chapter in prior edi-
tions is gratefully acknowledged.



such patients provides the crucial information needed to
select the most appropriate treatment strategy—catheter
intervention (see Chapters 22–24), bypass surgery, or med-
ical therapy. Included in this category are patients with sta-
ble angina pectoris refractory to medical therapy. 

Even asymptomatic patients with noninvasive evidence
of myocardial ischemia also benefit from revasculariza-
tion and are thus candidates for coronary angiography
(5). In patients with unstable angina (new onset, progres-
sive, or rest pain), intensive drug therapy (beta-blocker,
calcium channel blocker, nitrate, heparin, aspirin, clopi-
dogrel or a platelet glycoprotein IIb/IIIa receptor blocker)
may be temporizing, but more than two thirds of such
patients will come to angiography within 6 weeks of pre-
sentation anyway owing to ongoing clinical symptoms or
a positive exercise test (6,7). In most cases, therefore, such
patients are brought to early coronary angiography, with
same-procedure PCI if their anatomy is suitable. Patients
with acute myocardial infarction routinely undergo imme-
diate coronary angiography followed by same-procedure
primary angioplasty (8). However, the role of routine
post-MI coronary angiography in the asymptomatic
postinfarct patient who was managed medically or with
thrombolysis has not been established (9). The most
recent AHA/ACC guidelines for the role of coronary
angiography in stable angina, unstable angina, and acute
myocardial infarction are available on the Internet at
www.acc.org/clinical/topic/topic.htm. 

A second group of indications for coronary angiography
consists of patients in whom the presence or absence of
coronary artery disease is unclear (2). This includes patients
with troublesome chest pain syndromes but ambiguous
noninvasive test results, patients with unexplained
heart failure or ventricular arrhythmias, survivors of out-of-
hospital cardiac arrest (10), patients with suspected or
proven variant angina (11), and patients with risk factors for
coronary artery disease who are being evaluated for major
abdominal, thoracic, or vascular surgery (12). This category
also includes patients scheduled for correction of congenital
or valvular pathology. Patients with congenital defects such
as tetralogy of Fallot frequently have anomalies of coronary
distribution that may lead to surgical complications if
unrecognized (13), whereas patients older than age 45 years
with valvular disease may have advanced coronary athero-
sclerosis without clinical symptoms. Although younger
patients with valvular disease are commonly operated on
without prior coronary angiograms, given the extraordinary
low risk of diagnostic catheterization and the potential ben-
efit of knowing the coronary anatomy, most surgical center
personnel believe it is best to perform a preoperative
diagnostic catheterization to identify (and then correct) sig-
nificant coronary lesions, to provide the best and safest
outcome during concurrent valve replacement (14).

Finally, coronary angiography is frequently performed
when a patient develops recurrent angina after coronary
intervention (to detect and treat restenosis, see Chapter 22)

or after bypass surgery (to detect vein graft failure, which
might require catheter intervention or reoperation). Routine
follow-up angiography 6 months after catheter interven-
tion is not indicated clinically, but may play an important
role in the research evaluation of new technologies or drug
therapies targeted at reducing restenosis (15).

HISTORY AND GENERAL ISSUES

The initial attempts to perform coronary angiography used
nonselective injections of contrast medium into the aortic
root to opacify both the left and right coronary arteries
simultaneously as the angiographic images were recorded
on serial conventional sheet films (16). To improve con-
trast delivery into the coronary ostia, some early investiga-
tors used transient circulatory arrest induced by the admin-
istration of acetylcholine or by elevation of intrabronchial
pressure, followed by occlusion of the ascending aorta by
gas-filled balloon and injection of the contrast bolus.
Although nonselective aortic root injection is still used
occasionally today to evaluate ostial lesions, anomalous
coronary ostia, or coronary bypass grafts, intentional circu-
latory arrest is no longer practiced, and earlier nonselective
techniques have largely been replaced by selective injection
into each coronary ostium using specially designed catheters
advanced from any of several arterial access points.

In most patients, successful coronary angiography can
be performed by either the brachial cutdown or the percu-
taneous approach (from the femoral, brachial, or radial
artery), leaving the choice of access site up to physician and
patient. Data from the Society for Cardiac Angiography
and Intervention in 1990 (17) show the percutaneous
femoral approach was used in 83% of cases, with further
increase in that percentage over the subsequent years. The
brachial cutdown approach (Chapter 5) has decreased, but
the percutaneous radial approach (Chapter 4) entry may
offer a selective advantage in patients with severe periph-
eral vascular disease or known abdominal aortic aneurysm.
It also allows immediate postprocedure ambulation.
Regardless of the approach, however, it is important for the
catheterization team to meet the patient before the actual
procedure to evaluate the best access site, to gain an appre-
ciation of the clinical questions that need to be answered
by coronary angiography, to uncover any history of adverse
reaction to medications or organic iodine compounds, and
to explain the procedure and its risks in detail.

Coronary angiography was traditionally performed
with hospitalization on the night after the procedure and
sometimes the night prior to the scheduled procedure as
well. In contrast, most patients now come in on the morn-
ing of their scheduled procedure, with no oral intake
(except for medications and limited quantities of clear liq-
uid) for 6 to 8 hours before catheterization. A preproce-
dure workup has usually been done on an outpatient basis
some days before. A mild sedative premedication (such as
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diazepam, 5 to 10 mg orally) may be given prior to the pro-
cedure, or intravenous conscious sedation may be adminis-
tered as needed during the procedure itself. Outpatient
coronary angiography for low- to moderate-risk patients
began in the 1990s (2,18–21), and continues as the domi-
nant practice. However, patients who have undergone a
coronary intervention, those with major comorbidities
(e.g., heart failure, valve disease, renal insufficiency,
peripheral vascular disease), those who live more than a
1-hour drive from the cardiac catheterization facility, or
those who have sustained a procedural complication are
expected to stay overnight in the hospital following a diag-
nostic coronary angiogram. If the angiogram shows signifi-
cant disease and PCI is appropriate, this may be done dur-
ing the same procedure followed by an overnight hospital
stay. Patients needing revascularization but not found to be
suitable for PCI at the time of coronary angiography may
go for a bypass surgical operation within 24 to 48 hours or
may be discharged home to return for surgery, depending
on clinical acuity and availability of surgical time. At least 2
hours of bed rest is required after a percutaneous femoral
procedure unless a puncture sealing device is used (see
Chapter 4) to allow earlier ambulation and discharge. 

THE FEMORAL APPROACH

As described in Chapter 4, the femoral approach to left
heart catheterization involves insertion of the catheter
either directly over a guidewire or through an introducing
sheath. Systemic anticoagulation (heparin, 3,000 to 5,000
units at the time of sheath introduction) is used in some
laboratories (2), although others now omit heparin in
brief diagnostic procedures. A series of preformed catheters
are used, starting with a pigtail catheter for left ventriculog-
raphy followed by separate catheters (either Judkins or
Amplatz shapes) for cannulation of the left and right coro-
nary arteries and any surgical bypass grafts. Coronary
catheters are available in 5F, 6F, 7F, or 8F end-hole designs
that may taper further near the tip. They may be con-
structed of either polyethylene (Cook Inc, Bloomington,
IN) or polyurethane (Cordis, Miami, FL; and USCI, Billerica,
MA) and contain either steel braid, nylon, or other rein-
forcing materials (Kevlar, carbon fiber) within the catheter
wall to provide the excellent torque control needed for
coronary cannulation. Current catheters may have a soft
distal tip to minimize the risk of arterial dissection. In the
1970s, 8F catheters predominated because they provided
excellent torque control and permitted rapid contrast
delivery. In the 1980s, improvements in the design of 7F
catheters allowed for a lumen diameter comparable to that
in standard 8F catheters, making them the standard in
most laboratories. Smaller (6F and even 5F) coronary
angiographic catheters are now available that use technol-
ogy similar to that used in guiding catheters to provide
thinner catheter walls and larger lumens (6F lumens up to

0.064 inches), exceeding the lumen size once available in
8F diagnostic catheters (22). We now use such 6F catheters
for all of our routine diagnostic procedures. Some of the
catheters used for native coronary injection via the femoral
or brachial approach are shown in Fig. 11.1.

Insertion and Flushing 
of the Coronary Catheter

The desired catheter is inserted into the femoral sheath and
advanced to the level of the left mainstem bronchus over
the guidewire. Alternatively, some operators prefer to
advance the tip of the coronary angiography catheter
around the arch and into the ascending aorta before the
guidewire is removed. Although this may reduce snagging
of the catheter tip on aortic wall plaques and irregularities,
it places greater emphasis on the precision of initial
catheter flushing. After removal of the guidewire, the
catheter is attached to a specially designed manifold sys-
tem that permits the maintenance of a closed system dur-
ing pressure monitoring, catheter flushing, and contrast
agent administration (Fig. 11.2). The catheter is immedi-
ately double-flushed—blood is withdrawn and discarded,
after which heparinized saline flush is injected through
the catheter lumen. Difficulty in blood withdrawal sug-
gests apposition of the catheter tip to the aortic wall,
which can be rectified by slight withdrawal or rotation of
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Figure 11.1 Types of catheters currently in wide use for selec-
tive native coronary angiography. Left to right. Amplatz right,
Judkins right, Sones, Judkins left, and Amplatz left.



the catheter until free blood aspiration is possible. The
lumen of the introducing sheath should also be flushed
immediately before and after each catheter insertion and
every 5 minutes thereafter to prevent the encroachment of
blood into the sheath. Alternatively, the side arm of the
sheath may be connected to a 30 mL/hour continuous flow
regulator (Intraflo II).

Once the catheter has been flushed with saline solution,
tip pressure should be displayed on the physiologic moni-
tor at all times (except during actual contrast injections).
Recording this baseline pressure before contrast adminis-
tration serves as an important baseline reference point.
Next, the catheter lumen should be gently filled with con-
trast agent under fluoroscopic visualization, avoiding
selective contrast administration into small branches such
as the lumbar arteries if filling is performed in the
descending aorta. Filling with contrast results in slight
attenuation of high-frequency components in the aortic
pressure waveform, whose new shape should be carefully

noted. Any subsequent alteration in that waveform during
coronary angiography (see damping and ventriculariza-
tion, below) may signify an ostial coronary stenosis or an
unfavorable catheter position within the coronary artery.
Once these measures are completed, the coronary angio-
graphic catheter is advanced into the aortic root in prepa-
ration for selective engagement of the desired coronary
ostium.

Damping and Ventricularization 
of the Pressure Waveform

A fall in overall catheter tip pressure (damping) or a fall in
diastolic pressure only (ventricularization, Fig. 11.3) dur-
ing catheter engagement in a coronary ostium indicates
obstruction of the catheter tip or interference with coro-
nary inflow. The catheter tip may have been inserted across
a proximal coronary stenosis or may have an adverse
catheter lie that places it against the coronary wall. If either
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Figure 11.2 A. Four-port coronary manifold. This manifold provides a closed system with which
blood can be withdrawn from the catheter and discarded. The catheter can be filled with either flush
solution or contrast medium, and the catheter pressure can be observed, all under the control of a
series of stopcocks. The fourth port is connected to an empty plastic bag and is used as a discard
port (for blood from the double flush, air bubbles) so that the syringe need not be disconnected
from the manifold at any time during the procedure. Attachment of the transducer directly to the
manifold allows optimum pressure waveform fidelity (see Chap. 9), and the fluid-filled reference line
allows zeroing of the transducer to midchest level. B. The Bracco-Squibb Acist device consists of a
contrast filled power injector, controlled by a sterile pneumatic actuator to deliver contrast in
amounts and rates up to the limits preprogrammed on the digital panel. A power flushing system
and a pressure transducer are also included, duplicating many of the functions of the traditional four-
port manifold.



of these phenomena is observed, the catheter should be
withdrawn into the aortic root immediately until the oper-
ator can analyze the situation further. The catheter may be
re-engaged and a cautious small-volume contrast injection
made to further clarify the situation. This may disclose a
proximal occlusion of the vessel, against which the tip of
the coronary catheter is resting, in which case a cine run
should be performed to document this finding. The test
injection may also indicate ostial stenosis with absent
reflux into the aortic root or retention of the injected con-
trast in the proximal and mid vessel. Lack of reflux indi-
cates that the catheter tip is severely restricting or occluding
ostial inflow and mandates that only a gentle injection be
performed followed by immediate removal of the catheter
at the end of the cine run to restore antegrade flow.
Actually, continuing to inject and film as the catheter is
removed from the ostium may capture the few frames that
show the ostial lesion clearly.

Another approach to evaluating such ostial lesions is to
perform a nonselective injection into the sinus of Valsalva
in an appropriate view (that displays the ostium of the ves-
sel in question with no overlap by the sinus of Valsalva).
Or the standard end-hole diagnostic catheter may be
exchanged for an end- and side-hole angioplasty guiding
catheter to overcome damping by preserving antegrade
flow into the side holes, through the lumen of the catheter,
and into the coronary artery, even though the catheter tip
may be obstructing entry of blood into the ostium itself
(see discussion of cannulation of the right coronary ostium,

below). Vigorous injection despite a damped or ventricu-
larized pressure waveform should be avoided, however,
since it predisposes to ventricular fibrillation or dissection
of the proximal coronary artery with major ischemic
sequelae. Such a dissection is manifest by tracking of
contrast down the vessel over the course of the injection
and failure of contrast to clear on fluoroscopy after the
injection is terminated. Prompt consideration of repair by
catheter-based intervention or bypass surgery should be
considered if creation of such a dye stain is associated with
impeded antegrade coronary flow and signs of myocardial
ischemia.

Cannulation of the Left Coronary Ostium

Engagement of the left coronary ostium is usually quite
easy with the Judkins technique. As Judkins himself has
stated, “No points are earned for coronary catheterization—
the catheters know where to go if not thwarted by the
operator” (23). If a left Judkins catheter with a 4-cm curve
(commonly referred to as a JL4) is simply allowed to
remain en face as it is advanced down into the aortic
root, it will engage the left coronary ostium without fur-
ther manipulation in 80 to 90% of patients (Fig. 11.4).
Engagement should take place with the arm of the catheter
traversing the ascending aorta at an angle of approximately
45°, the tip of the catheter in a more or less horizontal ori-
entation, and with no change in the pressure waveform
recorded from the catheter tip.
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Figure 11.3 Pressure tracings as recorded during coronary angiography. Except for its earlier
phase and slightly lower systolic pressure, catheter tip pressure should resemble the pressure wave-
form simultaneously monitored by way of the femoral side-arm sheath or other arterial monitor (e.g.,
radial artery). In the presence of an ostial stenosis or an unfavorable catheter position against the
vessel wall, the waveform shows either ventricularization (in which systolic pressure is preserved but
diastolic pressure is reduced) or frank damping (in which both systolic and diastolic pressures are
reduced). In either case, the best approach is to withdraw the catheter immediately until the wave-
form returns to normal and to attempt to define the cause of the problem by nonselective injections
in the sinus of Valsalva. Alternatively, a catheter equipped with side holes near the tip may be used
to provide ongoing coronary perfusion.



In patients with a widened aortic root owing to aortic
valve disease or long-standing hypertension, the 4-cm left
Judkins curve may be too short to allow successful
engagement: The catheter arm may lie nearly horizontally
across the aortic root with the tip pointing vertically
against the roof of the left main artery, or the catheter
may even refold into its packaged shape during advance-
ment into the aortic root (Fig. 11.4D). In this case, a left
Judkins catheter with a larger (JL4.5, JL5, or even JL6)
curve should be selected. In the long run, changing to a
larger catheter under these circumstances may end up sav-
ing time compared with trying to make an unsuitable
catheter work.

In the occasional patient with a short or narrow aortic
root (usually a younger female, particularly if of short
stature), even the 4-cm Judkins curve may be too long.
When brought down into the aortic root, the catheter arm
may lie nearly vertically with the tip pointing downward
below the left coronary ostium. The left ostium may still be
engaged despite this somewhat unfavorable situation by
pushing the catheter down into the left sinus of Valsalva
for approximately 10 seconds to tighten the tip angle and
then withdrawing the catheter slowly. Having the patient
take a deep breath during this maneuver also helps by
pulling the heart into a more vertical position to assist in
engagement of the left ostium. The most satisfactory

approach, however, is to exchange for a JL3.5 catheter with
a shorter curve.

On rare occasions, the left coronary ostium lies out of
plane (typically high and posterior), as seen in the right
anterior oblique (RAO) projection where the ostium is
seen to be posterior to the catheter tip. In this case, limited
counterclockwise rotation of the left Judkins catheter may
help orient the catheter’s tip posteriorly and facilitate
engagement. Too much rotation of this catheter, however,
may result in a refolded catheter that requires guidewire
reinsertion to straighten. In that case, it may be helpful to
step up to the next larger Judkins curve. Alternately, some
operators prefer to switch to a left Amplatz shape (Fig. 11.1;
(available in progressively larger curves—1, 2, 3, 4). Amplatz
catheters (24) are more tolerant of rotational maneuvering
and allow easy engagement of left coronary ostia that lie
out of the conventional Judkins plane, as well as subselec-
tive engagement of the left anterior descending and cir-
cumflex coronary arteries in patients with short left main
coronary segments or separate left coronary ostia. The left
Amplatz is advanced around the arch oriented toward the
left coronary ostium (Fig. 11.5). The tip of the catheter usu-
ally comes to rest in the sinus of Valsalva below the coronary
ostium. As the catheter is advanced farther, however, the
Amplatz shape causes the tip of the catheter to ride up the
wall of the sinus until it engages the ostium. At that point,
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Figure 11.4 Judkins technique for catheterization of the left and right coronary arteries as
viewed in the left anterior oblique (LAO) projection. In a patient with a normal-size aortic arch, sim-
ple advancement of the JL4 catheter leads to intubation of the left coronary ostium (A–C). In a
patient with an enlarged aortic root (D), the arm of the JL4 may be too short, causing the catheter
tip to point upward or even flip back into its packaged shape (dotted catheter). A catheter with an
appropriately longer arm (a JL5 or JL6) is required. To catheterize the right coronary ostium, the
right Judkins catheter is advanced around the aortic arch with its tip directed leftward, as viewed in
the LAO projection, until it reaches a position 2 to 3 cm above the level of the left coronary ostium
(E). Clockwise rotation causes the catheter tip to drop into the aortic root and point anteriorly (F).
Slight further rotation causes the catheter tip to enter the right coronary ostium (G).



slight withdrawal of the catheter causes deeper engagement
of the coronary ostium, whereas further slight advance-
ment causes paradoxic retraction of the catheter tip.

Cannulation of the Right Coronary Ostium

The Judkins technique for engaging the right coronary
ostium requires slightly more catheter manipulation than
cannulation of the left coronary ostium (16,23). After
being flushed and filled with contrast in the descending
aorta (with the catheter tip directed anteriorly to avoid
injection into the intercostal arteries), the right Judkins
catheter with a 4-cm curve (JR4) is brought around the aor-
tic arch with the tip facing inward until it comes to lie
against the right side of the aortic root with its tip aimed
toward the left coronary ostium (Fig. 11.4). In a left ante-
rior oblique (LAO) projection, the operator slowly and
carefully rotates the catheter clockwise by nearly 180° to
engage the right coronary artery. The tip of the right
Judkins catheter tends to drop more deeply into the aortic
root when the catheter is rotated, as the tertiary curve of
the right Judkins shape aligns with the top of the aortic
arch. To compensate for this effect, the operator must
either begin the rotational maneuver with the tip 2 to 3 cm
above the coronary ostium or withdraw the catheter slowly
during rotation. Care must be taken to avoid overrotation
of the catheter, which tends to cause the catheter tip to
engage too deeply into the right coronary artery. To avoid
this common technical error, the operator should be pre-
pared to apply a small amount of counterclockwise
torque immediately as the tip of the catheter enters the
ostium. Catheters with smaller (3.5-cm) or larger (5- or
6-cm) Judkins curves or right Amplatz catheters (AR1 or
AR2) may be of value if aortic root configuration and prox-
imal right coronary anatomy make engagement difficult. 

Sometimes, the right coronary ostium lies high and
anterior above the commissure of the left and right aortic

valve leaflets rather than in the middle of the right sinus. If
it has not been possible to engage the right coronary with
the approach described above, a nonselective injection
should be performed into the right sinus of Valsalva. This
will show the high-anterior origin and trigger a change to a
left Amplatz (either AL0.75 or AL1) as required to make
contact with the aortic wall at that ostium location. 

Damping and ventricularization are far more common
in the right coronary artery than in the left. The cause may
be (a) the generally smaller caliber of the vessel (particu-
larly in nondominant vessels; see below), (b) ostial spasm
around the catheter tip, (c) selective engagement of the
conus branch, or (d) true ostial stenosis. These problems
in right coronary engagement can usually be elucidated by
nonselective injections into the right sinus of Valsalva or
cautious injections in the damped position with immedi-
ate postinjection withdrawal of the catheter. As mentioned
above, a 6 or 7F angioplasty guiding catheter with side
holes near the tip may be used to allow uninterrupted
coronary perfusion between contrast injections, if necessi-
tated by true ostial or proximal right coronary disease.

Cannulation of Saphenous Vein and Free
Arterial Grafts

Despite the high initial rate of anginal relief following
bypass surgery, 3 to 12% of saphenous vein grafts occlude
within the first month. Additional veins occlude between
1 month and 1 year after surgery due to exaggerated neoin-
timal hyperplasia. By far the dominant failure mode of
saphenous vein graft failure beyond 1 year, however, is dif-
fuse graft atherosclerosis, which accounts for a 50% graft
closure rate by 7 years (25). Free arterial grafts (free radial
or free internal mammary) are sometimes used instead of
saphenous vein grafts, and these have an intermediate
long-term patency between that of saphenous vein grafts
and pedicled internal mammary grafts (see next page). An
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Figure 11.5 Catheterization of the left coronary with an Amplatz catheter. The catheter should
be advanced into the ascending aorta with its tip pointing downward so that the terminal catheter
configuration resembles a diving duck. As the Amplatz catheter is advanced into the left sinus of
Valsalva, its tip initially lies below the left coronary ostium (left). Further advancement causes the tip
to ride up the aortic wall and enter the ostium (center). Slight withdrawal of the catheter causes the
tip to seat more deeply in the ostium (right).



increasing number of patients thus develop recurrent
angina after prior bypass surgery owing to vein graft or
progressive native vessel disease, and these patients account
for more than 20% of the diagnostic procedures in our
laboratory. 

The proximal anastomosis of a vein graft or free arterial
graft is usually placed on the right or left anterior aortic
surface, several centimeters above the sinuses of Valsalva.
Because many surgeons still resist the practice of placing
radiopaque markers on the proximal graft (26), the opera-
tor must generally rely on the surgeon’s operative report or
diagram, as well as knowledge of usual surgical practice in
her or his own institution. The operative report always
should be obtained before elective angiography on any
patient with prior bypass surgery, but is absolutely essen-
tial on patients who underwent their operation at another
medical center (where local preference may include prac-
tices like proximal anastomosis to the right posterior sur-
face of the aorta, see below), or even proximal anastomosis
to the descending aorta in patients with aortic root disease.
It may thus be quite frustrating to embark on coronary
angiography in a patient with prior bypass surgery without
a detailed graft map, operative note, or prior detailed
catheterization report/films in hand.

Most commonly, grafts to the left coronary arise from the
left anterior surface of the aorta, with grafts to the circumflex
system usually placed somewhat higher on the aorta than
those to the left anterior descending or diagonal branches.
Alternatively, some surgeons prefer to route grafts to the cir-
cumflex through the transverse sinus behind the heart, in
which case the circumflex graft may originate from the pos-
terior surface of the aorta. Grafts to the right coronary (or
the distal portions of a dominant circumflex) usually origi-
nate from the right anterior surface of the aorta, above and
somewhat behind the plane of the native right coronary
ostium. We generally use the right Judkins (JR4) or Amplatz
(AL1) catheter to engage anterior (i.e., left) coronary grafts.
Special left coronary bypass, internal mammary, or hockey
stick catheters may be required for left grafts that originate
with an upward trajectory (Fig. 11.6). For downward-pointing
right coronary grafts, we prefer a soft catheter with no pri-
mary curve (a multipurpose, Wexler, or JR3.5 short-tip
catheter), which provides better alignment with the proxi-
mal portion of the graft and thus better opacification. The
Wexler catheter can also be used for grafts originating from
the left or posterior surface of the aorta. Since its tip remains
in contact with the aortic wall, the shaft of this catheter can
be rotated or the tip can be flexed to bring it into alignment
with the proximal graft once the ostium has been engaged.

If no markers have been provided, the catheter tip
should be oriented against the appropriate aortic wall and
slowly advanced and then withdrawn until its tip catches in
a graft ostium. The graft is injected in multiple projections
that show its origin, shaft, distal anastomosis, and the
native vessels beyond the anastomosis. This process must
then be repeated until all graft sites have been identified.

Grafts should not be written off as occluded unless a clear
stump is demonstrated. If the myocardial territory supplied
by a graft assumed to be occluded is still contracting, and
there is no evident native or collateral blood supply to that
territory, there may be a missed graft—the myocardium
cannot function without a visible means of support! In that
case, it may be valuable to perform an aortogram in an
appropriate view to try to demonstrate flow in and locate
the origin of such a missed graft. The emergence of effective
therapies for focal lesions in vein grafts has placed a pre-
mium on being able to find and fix such diseased grafts
before they occlude (Fig. 11.7; see Chapters 23 to 25).

Internal Mammary Cannulation

Based on their superior demonstrated 10-year patency, the
pedicled left and right internal mammary arteries (IMAs,
also known as internal thoracic arteries [ITAs]) have
become the conduits of choice. The proximal end of this
graft remains attached to the subclavian artery (supplying
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Figure 11.6 Catheters used for bypass graft angiography.
Although the right Judkins or Amplatz catheters can be used for
many anterior takeoff vein grafts, the catheters shown here may
be useful. Left to right. Wexler, multipurpose, hockey stick shape,
and internal mammary.



the nutritional needs of the graft itself), as the vessel is
freed up from its lower sternal attachments and anasto-
mosed to the target coronary artery (usually the left ante-
rior descending). More than 90% of current elective bypass
procedures involve placement of at least one internal
mammary graft. 

Successful cannulation (27) requires knowledge of
the left subclavian and brachiocephalic trunk as well as
the right subclavian arteries, as shown in. Fig. 11.8A. It is
also important to understand some of the common
anatomic variants in the internal mammary artery,

including more proximal origin in the vertical portion of
the subclavian, or origin as a common vessel with the
thyrocervical trunk. 

Although uncommon, these grafts can develop signifi-
cant lesions, making it important to evaluate such grafts
during any postbypass catheterization. In patients with
early recurrence of angina (within the first 6 months after
surgery), the most common lesion is located at the distal
mammary-coronary anastomosis. It is usually due to
local intimal hyperplasia rather than atherosclerosis and
responds well to balloon angioplasty (see Chapter 22).
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Figure 11.7 A. Sample of saphenous vein graft angiography, showing an occluded graft to the
circumflex, filled with thrombus (top left, open arrow). A drug-infusion catheter (Tracker, Target
Therapeutics) was placed (bottom left, curved arrow) and used to administer Urokinase (50,000
IU/hour) overnight. The following morning (top right), the thrombus had been dissolved, revealing
the underlying ulcerated culprit lesion. This was treated with a single Palmaz-Schatz coronary stent
(bottom right), re-establishing full patency. B. Saphenous vein graft with origin localized by ring
marker implanted at the time of surgery.



Flow-limiting kinks may also be present in the midgraft,
and ostial lesions at the origin of the internal mammary
from the subclavian may also occur. In patients years
postbypass, significant lesions may develop in the native
coronary artery beyond the internal mammary touch-
down. In addition to establishing the patency of the
internal mammary itself, it may also be important to
look for large nonligated side branches that may divert
flow from the coronary circulation and whose occlusion
(in the occasional patient) may be required for angina
relief (28). It is also important to look for stenoses in the
subclavian artery before the takeoff of the internal mam-
mary that may compromise the inflow to the graft and
thereby cause myocardial ischemia (Fig. 11.9). Such
lesions may require construction of a carotid-to-subcla-
vian graft, or more commonly stent placement (29) to
restore normal flow to the internal mammary and verte-
bral branches of the subclavian artery (see Chapters 14
and 26).

Although mammary grafts can be studied easily from
the ipsilateral brachial approach, we prefer the femoral
approach using a soft-tip preformed internal mammary
catheter, which resembles a right Judkins catheter except
for a tighter primary curve. This used to be a time-consum-
ing (up to 20 minutes for some operators) process, but has
been reduced to less than 3 minutes in our laboratory by
adoption of a systematic strategy (see Fig. 11.8B; 27). In the
LAO projection, cannulation of the left internal mammary
artery begins by advancement of this catheter into the aor-
tic arch until it lies just inside the left edge of the wedgelike
density formed by the shadow of the upper mediastinum
against the lung fields. With 1 to 2 cm of J guidewire pro-
truding from its tip, the mammary catheter is rotated coun-
terclockwise until it falls into the subclavian artery origin.
From there, the wire can be advanced well out into the axil-
lary artery. The mammary catheter is then advanced over
the wire, into the midsubclavian, where the guidewire is
then removed and the catheter is flushed and filled with
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Figure 11.8 Internal mammary angiography. A. Aortic arch
injection shows the left internal mammary artery (LIMA) originating
from the left subclavian (LS), just opposite the thyrocervical trunk
(TCT) and distal to the right vertebral artery (VERT). The right inter-
nal mammary artery (RIMA) originates from the right subclavian
(RS) just distal to the bifurcation of the right carotid from the bra-
chiocephalic trunk (BT). B. Schematic diagram shows the corre-
sponding arch vessel origins. Note that the left subclavian origi-
nates just inside the patient’s leftmost edge of the wedge-shaped
shadow cast by the upper-mediastinal structures in the left anterior
oblique projection. Catheter manipulation in this projection facili-
tates advancement of a guidewire into the LS (step 1), facilitating
selective cannulation of the LIMA during catheter withdrawal and
slight counterclockwise rotation (step 2, see text). C. Variant in
which internal mammary originates in common with thyrocervical
trunk, resulting in poor opacification. An angioplasty guide wire
was placed down the internal mammary through the 6F diagnostic
catheter and used to advance the tip of the diagnostic catheter
selectively down the IMA. From that position, sufficient opacifica-
tion was obtained to demonstrate occlusion of the distal left ante-
rior descending (LAD) beyond the anastomosis as the cause of the
patient’s recurrent angina.

TCT

BA

C

TCT
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contrast. A low-osmolar contrast agent should be used to
avoid causing CNS toxicity by reflux of hyperosmolar ionic
contrast up the vertebral arteries. Switching to the straight
AP projection, the catheter is rotated counterclockwise
slightly (to make the tip point slightly anteriorly) as it is
withdrawn slowly until the internal mammary is engaged.
Intermittent gentle puffs of contrast will help localize the
mammary origin during this withdrawal. Great care should
be taken to avoid catheter tip trauma/dissection of the rel-
atively delicate mammary vessel.

If selective cannulation is difficult because of tortuosity
or anatomic variations, a variety of superselective or non-
selective techniques can be used to permit angiographic
evaluation. Nonselective injections into the subclavian will
generally allow adequate opacification to see that the inter-
nal mammary is open, but generally not to provide detailed
information about the distal native vessel. Inflation of a
blood pressure cuff on the ipsilateral arm may help reduce
runoff through the axillary artery and improve opacifica-
tion of the internal mammary in cases where selective can-
nulation is difficult. When selective cannulation proves
difficult, we sometimes attach a Y connector to the hub of
the diagnostic internal mammary catheter and advance a
0.014 soft-tipped coronary angioplasty guidewire into the
mammary to serve as a support for catheter advancement.

Cannulation of the right internal mammary artery may
be slightly more difficult because of the need to avoid the
right carotid before entering the right subclavian itself.
Again in the LAO projection, the upper mediastinal wedge
is identified. The mammary catheter with protruding J wire
is taken to the right edge of this shadow and rotated coun-

terclockwise until it falls into the brachiocephalic trunk.
The wire is then advanced toward the right subclavian
artery. Predilection for the wire to advance into the right
carotid artery may require removing the guidewire and
performing a nonselective contrast injection in the bra-
chiocephalic trunk to identify the origin of the subcla-
vian branch. The RAO-caudal projection often gives the
best spatial resolution of the right carotid and right subcla-
vian origins, after which steerable Wholey guidewire
(Mallinckrodt) can be used to cannulate the subclavian.
Once the wire is firmly out of the subclavian artery, the
mammary catheter is advanced as described above. For
cannulation of the right internal mammary artery, how-
ever, the catheter is rotated slightly clockwise during with-
drawal to point its tip anteriorly.

Gastroepiploic Graft Cannulation

Taken together, the left and right internal mammary arter-
ies can be used to revascularize most lesions in the left
anterior descending, proximal circumflex, and proximal
right coronary arteries. Even with sequential distal anasto-
moses, however, the fact that there are only two internal
mammary arteries means that most revascularization pro-
cedures still suffer the long-term limitations associated
with the use of saphenous veins. Free segments of radial
artery have also been used as bypass conduits, either from
the ascending aorta (like a saphenous vein) or from the
descending thoracic aorta (30) in some patients undergo-
ing repeat bypass surgery. Although the radial artery may
have slight benefit over the saphenous vein, it is prone to

Figure 11.9 Left subclavian stenosis in a patient with recurrent angina in the distribution of the
otherwise patent left internal mammary artery (left), treated by stenting (right).



spasm in the early postop period, and does not match the
long-term patency record of the internal mammary artery
(because it does not retain its blood supply and innerva-
tion when used as a free graft). The effort to perform all
arterial bypass has brought back the right gastroepiploic
artery (as an arterial pedicle graft) for anastomosis to the
posterior descending or other vessels on the inferior sur-
face of the heart (31,32). The right gastroepiploic normally
supplies most of the greater curvature of the stomach, but
can be dissected free from that organ and tunneled through

the diaphragm to reach the inferior wall of the heart.
Angiography of this vessel is possible using standard visceral
angiographic catheters (e.g., Cobra) which are designed to
enter visceral arteries such as the celiac axis (33). From there,
the catheter can be advanced into the common hepatic (as
opposed to the splenic) artery and then turned downward
into the gastroduodenal artery (Fig. 11.10). A 0.025-inch
Glidewire (Terumo) can then be used to cannulate the right
gastroepiploic (as opposed to the superior pancreatoduode-
nal artery) if more selective injection is desired.
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Figure 11.10 A. Gastroepiploic graft anatomy. The common
hepatic artery (CHA) originates with the splenic artery (SA) from
the celiac trunk (CT). The gastroduodenal artery (GDA) originates
from the CHA, which then becomes the proper hepatic artery
(PHA). The terminal branches of the GDA are the pancreatoduode-
nal (PD) and the right gastroepiploic artery (GEA), shown here
undergoing angioplasty of a lesion at its anastomosis to the right
coronary artery (RCA). (Diagram from Ishiki T, et al. Percutaneous
angioplasty of stenosed gastroepiploic artery grafts. J Am Coll
Cardiol 1993,21:727, 1993, with permission.) B. Free radial graft
from the descending aorta to an obtuse marginal graft, cannulated
using a Cobra visceral angiographic catheter. Localization of the
graft ostium was aided by the presence of multiple surgical clips
used to ligate small side branches of the radial artery at the time of
bypass.
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THE BRACHIAL OR RADIAL APPROACH

The technique of brachial artery cutdown was the first
approach used for selective coronary angiography, as
described in Chapter 5. Dr. F. Mason Sones, Jr., designed
the original catheter for this approach—a thin-walled
radiopaque woven Dacron catheter with a 2.67-mm (8F)
shaft diameter (16,34), tapering to 5F external diameter at
a point 5 cm from its tip. In addition to the open tip, cur-
rent models include side holes that are arranged in
opposed pairs within 7 mm of the distal end. As Sones
stated, this provides a “flexible finger” that may be curved
upward into the coronary orifices by pressure of the more
rigid shaft against the aortic valve cusps. This enables the
Sones catheter to be used for cannulation of both the left
and right coronary arteries, as well as entry into the left
ventricle for ventriculography. The standard Sones catheter
is available in lengths of 80, 100, and 125 cm and 6 to 8F
diameters. Most operators now use a different Sones-type
coronary catheter constructed of polyurethane and made
by Cordis Corporation. This catheter traverses a tortuous
subclavian system with much greater facility and smooth-
ness than does the woven Dacron catheter, and its enhanced
torque control and reduced coefficient of friction ease
engagement of the coronary ostia. See Fig. 11.1 for a variety
of preshaped coronary catheters, which are also effective
from the brachial approach (35). In general, similar tech-
niques apply for use of standard Judkins and Amplatz
shapes from the left brachial or radial arteries, as described
above for the femoral approach. From the right brachial or
radial arteries, smaller left Judkins curves or special
catheter shapes are preferable (see Chapter 4).

When the Sones method is used from the right arm,
catheter tip pressure should be monitored continuously
once the catheter enters the brachial artery. Further passage
of the catheter into the subclavian and brachiocephalic
arteries should be accomplished under both pressure mon-
itoring and fluoroscopic visualization. Occasionally, it may
be difficult to pass the catheter from the subclavian artery
to the aortic arch, but a simple maneuver by the patient—
such as a deep inspiration, shrugging the shoulders, or
turning the head to the left—often facilitates passage of the
catheter into the ascending aorta. If passage of the catheter
from the subclavian artery to the ascending aorta is not
accomplished immediately and with complete ease, the
operator should stop catheter manipulation and use a soft
J-tipped 0.035-inch guidewire. Once the catheter is in the
ascending aorta, the guidewire is removed and the catheter
is aspirated, flushed, and reconnected to the rotating
adapter of the manifold, either directly or by a short length
of large-bore flexible connecting tubing.

With the Sones technique, selective engagement of the
left coronary artery is accomplished as follows. In a left
anterior oblique projection, the sinus of Valsalva contain-
ing the ostium of the left coronary artery lies to the left,
and the sinus containing the ostium of the right coronary

artery lies to the right. The noncoronary sinus lies posteri-
orly. The operator advances the catheter to the aortic valve
and then continues to advance the catheter until its tip
bends cephalad and points toward the left coronary ostium.
When the catheter is properly positioned with its tip bent
cephalad, slightly advancing or rotating the catheter usu-
ally results in selective engagement of the left coronary
ostium, which is verified by a small injection of radi-
ographic contrast agent. Occasionally, a deep breath
taken by the patient will facilitate this selective engage-
ment. Our usual approach, illustrated in the upper left
panel of Fig. 11.11, involves forming a smooth shallow
loop and gradually inching up to the ostium from below. If
the distal 2 to 3 mm of the catheter tip bends downward
during this inching up process, the tip may enter the
left coronary artery, giving a cobra head appearance (see
Fig. 11.11, top right) similar to that achieved with the left
Amplatz catheter (see Fig. 11.5). For the high takeoff left
coronary ostium, the catheter may have the appearance (as
in Fig. 11.11, bottom) in which the catheter tip is lying
across the ostium at right angles to the course of the left
main coronary artery. During contrast injection in this

Figure 11.11 Selective catheterization of the left coronary
artery using the Sones catheter. The standard approach involves
forming a smooth shallow loop and gradually “inching up” to the
ostium from below. If the distal 2 to 3 mm of the catheter tip
bends downward during this inching-up process, the tip may
enter the left coronary artery, giving a cobra head appearance
(upper right). When the left coronary ostium originates high in
the left sinus of Valsalva (high takeoff left coronary artery), the
catheter may have the appearance seen in the bottom panel,
where the tip is lying across the ostium at right angles to the
course of the left main coronary artery. During coronary injection
in this instance, coronary blood flow usually carries the contrast
agent down the vessel, giving good opacification of the entire
left coronary artery.



ward. A small dose of contrast material in the right sinus of
Valsalva will allow visualization of the right coronary orifice
and thus facilitate selective engagement. Occasionally, a
deep inspiration by the patient accompanied by gentle
advancement of the catheter to the right of the aortic root
results in selective engagement of the right coronary artery.

ADVERSE EFFECTS OF CORONARY
ANGIOGRAPHY

Once the coronary vessels have been engaged, optimal selec-
tive angiography requires transient but nearly complete
replacement of blood flow with the radiopaque contrast
agent. A wide variety of iodine-containing agents are cur-
rently used for coronary angiography and have already been
discussed in greater detail in Chapter 2. Older high-osmolar
contrast agent had a number of potentially deleterious
effects during coronary injection (see Chapters 2 and 3) that
include the following: (a) transient (10- to 20-second)
hemodynamic depression marked by arterial hypotension
and elevation of the left ventricular end diastolic pressure,
(b) electrocardiographic effects with T-wave inversion or
peaking in the inferior leads (during right and left coronary
injection, respectively), sinus slowing or arrest, and prolon-
gation of the PR, QRS, and QT intervals (36,37), (c) signifi-
cant arrhythmia (asystole or ventricular tachycardia/fibrilla-
tion) (38), (d) myocardial ischemia owing to interruption
of oxygen delivery or inappropriate arteriolar vasodilatation
(coronary “steal”), (e) allergic reaction (39), and (f) cumu-
lative renal toxicity (40). Some (but not all) of these adverse
effects are eliminated by use of a low-osmolar contrast
agent, albeit at a modest increased expense (41).

instance, coronary blood flow generally carries the contrast
agent down the vessel, giving good opacification of the
entire left coronary artery. Once the catheter tip has
engaged the coronary ostium and no damping of pressure
from the catheter tip is observed, cineangiography may be
performed with selective injection of radiopaque material
in a variety of views, as described below.

Selective engagement of the right coronary orifice may
be accomplished as illustrated in steps 1 to 3 of Fig. 11.12.
In the shallow LAO projection, the catheter is curved up
toward the left coronary artery (step 1) and clockwise
torque is applied. While the operator is gradually applying
clockwise torque, a gentle to-and-fro motion of the
catheter (the to-and-fro excursions are not more than 5 to
10 mm in length) helps to translate the applied torque
to the catheter tip. When the tip starts moving in its clock-
wise sweep of the anterior wall of the aorta, the operator
maintains (but does not increase) a clockwise torque on
the catheter and simultaneously pulls the catheter back
slightly (step 2, Fig. 11.12) because the right coronary ostium
is lower than that of the left coronary artery. At this point,
the catheter usually makes an abrupt turn into the right
coronary ostium, at which time the operator must release
all torque to prevent the catheter tip from continuing its
sweep past the ostium. On occasion, the Sones catheter lit-
erally leaps into the right coronary artery and will be 4 to
5 cm down its lumen. If this occurs, the catheter should be
gently withdrawn until its tip is stable just within the
ostium.

Another technique for catheterizing the right coronary
artery involves a more direct approach by way of the right
coronary cusp. With the catheter in the right sinus, the oper-
ator should make a small curve on the tip, directed right-
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Figure 11.12 Selective catheterization of the right coronary artery using the Sones catheter. In
the shallow left anterior oblique (LAO) projection, the catheter is curved upward and to the left (1)
and clockwise torque is applied. While the operator is gradually applying clockwise torque, a gentle
to-and-fro motion of the catheter helps to translate the applied torque to the catheter tip. When the
tip starts moving in its clockwise sweep of the anterior wall of the aorta, the operator maintains (but
does not increase) a clockwise torque tension on the catheter and simultaneously pulls the catheter
back slightly (2), because the right coronary ostium is lower than that of the left coronary artery. At
this point, the catheter usually makes an abrupt leap into the right coronary ostium (3), at which time
the operator must release all torque to prevent the catheter tip from continuing its sweep and pass-
ing by the ostium. See text for details and alternative methods.



Although newer low-osmolar contrast agents have less
prominent side effects, patients undergoing coronary
angiography should always be monitored continuously in
terms of clinical status, surface electrocardiogram, and
arterial pressure from the catheter tip. In patients with
baseline left ventricular dysfunction or marked ischemic
instability, we also like to perform a right heart catheteriza-
tion, and display pulmonary artery pressure continuously
on the same scale as the arterial pressure as an early indica-
tor of procedural problems or progressive decompensa-
tion. A significant rise in pulmonary artery mean or dia-
stolic pressure should prompt temporary suspension of
angiography and initiation of treatment (e.g., intravenous
furosemide, nitroglycerin, nitroprusside) before frank pul-
monary edema develops. The venous sheath also provides
a ready route for the rapid administration of fluid or med-
ications through its side arm and allows rapid insertion of
a temporary pacing electrode if needed. Prophylactic place-
ment of temporary pacing electrodes in patients undergo-
ing coronary angiography is not indicated (42), since most
episodes of bradycardia or asystole are brief and are
resolved promptly by having the patient give a forceful
cough, which elevates central aortic pressure and probably
helps wash residual contrast out of the myocardial capil-
lary bed. Similarly, prophylactic drugs are not given rou-
tinely to prevent ventricular tachyarrhythmias, although
appropriate drugs (lidocaine, amiodarone, atropine, epi-
nephrine, and so on), a defibrillator, and airway manage-
ment equipment are always kept at the ready and can be
brought into play within seconds.

One of the most common adverse effects seen during
coronary angiography is the provocation of myocardial
ischemia, particularly in patients with unstable angina. In
very unstable patients, we modify our usual practice of per-
forming the left ventriculogram before coronary angiogra-
phy (lest an adverse reaction to the ventriculogram compro-
mise the more crucial coronary study). When myocardial
ischemia does occur during coronary angiography, the best
course of action is to remove the catheter from the coronary
ostium and temporarily suspend injections until angina
resolves. If this takes more than 30 seconds, we typically
administer nitroglycerin (200 mg bolus, repeated at 30-sec-
ond intervals up to a total of 1,000 mg) into either the
involved coronary artery or the pulmonary artery catheter.
If marked arterial hypertension is present and fails to
respond to nitroglycerin, we may administer other vasodila-
tors as needed to bring the blood pressure down. In
patients with inappropriate tachycardia in the setting of
angina and reasonable systolic left ventricular function,
intravenous propranolol (1 mg every minute to a total dose
of 0.1 to 0.15 mg/kg) or an infusion of a short-acting beta-
blocking agent (esmolol) is frequently beneficial. Only
rarely (in patients with severe three-vessel and/or left main
coronary disease and those whose ischemia is associated
with hypotension) is myocardial ischemia severe enough
and refractory to the above management program to

prompt placement of an intra-aortic counterpulsation bal-
loon in the contralateral femoral artery before completion
of coronary angiography (see Chapter 21). In any patient
with prolonged or refractory ischemia during diagnostic
coronary angiography, it may be worthwhile to perform
limited re-examination of the coronary vessels to determine
whether the angiographic procedure has caused a problem
(spasm, dissection, thrombosis) that might require imme-
diate treatment with additional vasodilators, coronary
intervention, thrombolysis, or emergency bypass surgery.

Severe allergic reactions are uncommon during coro-
nary angiography and are best prevented by 18 to 24 hours
of premedication (prednisone 20 to 40 mg and cimetidine
300 mg every 6 hours; 32) and/or use of a nonionic con-
trast agent in patients with a history of prior allergic reac-
tion to radiographic contrast (41). When a severe unex-
pected reaction does occur, it usually responds promptly to
the intravenous administration of epinephrine (0.1 mg
equals 1 mL of the 1:10,000 solution available on most
emergency carts, repeated every 2 minutes until the blood
pressure and/or wheezing improves). Larger bolus doses of
epinephrine are to be avoided, because they may provoke
marked tachycardia, hypertension, and arrhythmia.

Renal insufficiency may develop after coronary angiog-
raphy, particularly in patients who are hypovolemic, who
receive large volumes of contrast (more than 3 mL/kg), or
who have had prior renal insufficiency, diabetes, or multi-
ple myeloma (33). In these patients, every effort should be
made to give adequate hydration preprocedure and post-
procedure (see also Chapters 2 and 3). Use of low-osmolar
or iso-osmolar contrast agents may be helpful in this situa-
tion, but their real benefit remains controversial (41).

INJECTION TECHNIQUE

As mentioned previously, high-quality coronary angiogra-
phy requires selective injection of radiographic contrast at
an adequate rate and volume to transiently replace the
blood contained in the involved vessel with slight but con-
tinuous reflux into the aortic root. Too timid an injection
allows intermittent entry of nonopaque blood into the
coronary artery (producing contrast dilution or streaming,
which makes interpretation of lesions difficult) and fails to
visualize the coronary ostium and proximal coronary
branches. However, too vigorous an injection may cause
coronary dissection or excessive myocardial blushing, and
too prolonged an injection may contribute to increased
myocardial depression or bradycardia.

We train our fellows to adjust the rate and duration of
manual contrast injection to match the observed filling
pattern of the particular vessel being injected. Injection
velocity should be built up gradually during the first sec-
ond until the injection rate is adequate to completely
replace antegrade blood flow into the coronary ostium
(Fig. 11.13). The associated rate and volume required to
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accomplish this goal have been measured (43) and were
found to average 7 mL at 2.1 mL/second in the left and
4.8 mL at 1.7 mL/second in the right coronary. In patients
with occlusion, much lower rates and volumes are required,
and in patients with left ventricular hypertrophy (e.g., aortic
stenosis, hypertrophic myopathy) much greater volumes
and higher rates of injection may be required.

The injection should be maintained until the entire
vessel is opacified. If there is any question about whether
the body of the injection has provided adequate reflux to
visualize the coronary ostium, an additional burst of con-
trast (extra reflux) should be given before the injection is
terminated. The injection should then be terminated
abruptly by turning the manifold stopcock back to moni-
tor pressure, although cine filming should continue until
opacification of distal vessels or late-filling branches is
complete. The operator should monitor for excessive
bradycardia or hypotension, review the video loop, and
set up the gantry angles for the next injection. To avoid
problems, each injection should begin with a completely
full (and bubble-free) injection syringe, held with the
handle slightly elevated so that any microbubbles will
drift up toward the plunger. The injection syringe should
be managed in such a way as to avoid mixtures of blood
and contrast, because such mixtures may promote forma-
tion of thrombi (particularly when nonionic contrast
agents are used).

Although manual contrast injection is the standard
technique in coronary angiography, some operators favor
use of a power injector (as used in left ventriculography or
aortography) to perform coronary injections (44). The
injector is preset for a rate to match the involved vessel
(2 to 3 mL/second for the right and 3 to 4 mL/second for
the left coronary) and activated by a foot switch for a suffi-
cient time to fill the coronary with contrast (generally 2 to
3 seconds). This approach allows a single operator to per-

form injections and move the table and has proved safe in
thousands of procedures. A special power injector has also
been introduced (Acist, Bracco, Eden Prairie, MN) that can
perform such power injections under rate control by finger
pressure on a sterile control handle, reverting automati-
cally to pressure monitoring when the injection is termi-
nated. This may be of value when a single operator must
perform injections and pan the table during diagnostic
coronary angiography.

ANATOMY, ANGIOGRAPHIC VIEWS,
AND QUANTITATION OF STENOSIS

Coronary Anatomy

The coronary angiographer must develop a detailed
familiarity with normal coronary arterial anatomy and
its common variants. For individuals just learning coro-
nary anatomy, the main coronary trunks can be consid-
ered to lie in one of two orthogonal planes (Fig. 11.14).
The anterior descending and posterior descending coro-
nary arteries lie in the plane of the interventricular sep-
tum, whereas the right and circumflex coronary trunks
lie in the plane of the atrioventricular valves. In the 60°
left anterior oblique (LAO) projection, one is looking
down the plane of the interventricular septum, with the
plane of the AV valves seen en face; in the 30° right ante-
rior oblique (RAO) projection, one is looking down the
plane of the AV valves, with the plane of the interventric-
ular septum seen en face. The major segments and
branches have each been assigned a numerical identifica-
tion in the BARI modification (45) of the CASS nomen-
clature (Fig. 11.15).

Right-Dominant Circulation

The right coronary artery gives rise to the conus branch
(which supplies the right ventricular outflow tract) and
one or more acute marginal branches (which supply the
free wall of the right ventricle), whether or not the circula-
tion is right dominant. In the 85% of patients who have a
right-dominant coronary artery, it goes on to form the AV
nodal artery, the posterior descending and the posterolat-
eral left ventricular branches that supply the inferior aspect
of the interventricular septum (see Fig. 11.14). The left
main trunk branches after a short (but variable) distance
into the left anterior descending and the circumflex coro-
nary arteries. The left anterior descending artery gives rise
to septal branches that curve down into the interventricular
septum, as well as diagonal branches that wrap over the
anterolateral free wall of the left ventricle.

Some patients have a twin left anterior descending sys-
tem, in which one trunk (frequently intramyocardial) sup-
plies the entire septum and the other trunk runs on the sur-
face of the heart supplying all the diagonal branches. The
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Figure 11.13 Suggested injection pattern for coronary angiog-
raphy. To appropriately replace antegrade coronary blood flow with
contrast medium throughout the cardiac cycle, the operator should
build up the velocity of injection over 1 to 2 seconds until no
unopacified blood is seen to enter the ostium and there is reflux of
contrast medium into the aorta during systole and diastole. This
injection is maintained until the entire coronary artery is filled with
contrast medium. If the ostium has not been well seen, a brief extra
push should be given to cause adequate reflux into the aortic root,
and the injection should be terminated. Prolonged held inspiration
with some degree of Valsalva maneuver is sometimes used during
Sones angiography to reduce coronary flow and make it much eas-
ier to replace blood flow during manual contrast injection.



circumflex artery courses clockwise in the AV groove
(viewed from the apex) as it gives rise to one or more
obtuse marginal branches that supply the lateral free wall
of the left ventricle, but does not reach the crux in patients
with a right-dominant circulation. In some patients, a large
intermedius or ramus medianus branch (neither a diago-
nal nor a marginal) may originate directly from the left
main trunk, bisecting the angle between the left anterior
descending and circumflex arteries, to create a trifurcation
pattern of the left main coronary artery. Regardless of
whether the patient is right or left dominant, the sinus

node originates as a proximal branch of the right coronary
in 60% of patients and as a left atrial branch of the circum-
flex in the remaining 40% of patients.

Left-Dominant Circulation

In 8% of patients, the coronary circulation is left dominant;
that is, the posterolateral left ventricular, posterior descend-
ing, and AV nodal arteries are all supplied by the terminal
portion of the left circumflex coronary artery. In such
patients, the right coronary artery is small and supplies only
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Figure 11.14 Representation of
coronary anatomy relative to the inter-
ventricular and atrioventricular valve
planes. Coronary branches are as indi-
cated—L Main (left main), LAD (left
anterior descending), D (diagonal), S
(septal), CX (circumflex), OM (obtuse
marginal), RCA (right coronary), CB
(conus branch), SN (sinus node), AcM
(acute marginal), PD (posterior descend-
ing), PL (posterolateral left ventricular).

Figure 11.15 The numerical coding system and official names of the coronary segments, as used
in the Bypass Angioplasty Revascularization Investigation (BARI) study. Right coronary: 1, proximal;
2, middle; 3, distal; 4, posterior descending; 5, posteroatrioventricular; 6, first posterolateral; 7, sec-
ond posterolateral; 8, third posterolateral; 9, inferior septals; 10, acute marginals. Left coronary: 11,
left main; 12, proximal left anterior descending; 13, middle left anterior descending; 14, distal left
anterior descending,;15, first diagonal (a, branch of first diagonal); 16, second diagonal,;17, septals
(anterior septals); 18, proximal circumflex; 19, middle circumflex; 19a, distal circumflex; 20, 21, and
22, first, second, and third obtuse marginals; 23, left atrioventricular; 24, 25, and 26, first, second,
and third posterolaterals (in left- or balanced-dominant system); 27, left posterior descending (in
left-dominant system); 28, ramus (ramus intermedius); 29, third diagonal. (From The BARI Protocol.
Protocol for the Bypass Angioplasty Revascularization Investigation. Circulation 1991;84:V1, with
permission.)



the right atrium and right ventricle. It may be important to
visualize, as a potential source of right-to-left collaterals,
but the small diameter of a nondominant right coronary
artery predisposes it to damping and catheter-induced
spasm (see below, which make limited injections advisable. 

Balanced-Dominant Circulation

In about 7% of hearts, there is a codominant or balanced
system, in which the right coronary artery gives rise to the
posterior descending artery and then terminates, and the
circumflex artery gives rise to all the posterior left ven-
tricular branches and perhaps also a parallel posterior
descending branch that supplies part of the interventricu-
lar septum. In some patients, the supply to the inferior
wall may be further fractionated among a short posterior
descending branch of the right coronary (which supplies
the inferobase), branches of the distal circumflex (which
supply the midinferior wall), and branches of the acute
marginal (which extend to supply the inferoapex).

Anatomic Variants

Although these basic concepts describe the general pattern
of the coronary circulation, it must be noted that there is
considerable patient-to-patient variability in the size and
position of different coronary arterial branches (46). In 1
to 2% of patients, these coronary anatomic features are suf-
ficiently divergent to qualify as coronary anomalies. Every
operator must be thoroughly familiar with these anatomic
anomalies and continually vigilant for their occurrence,
lest failure to recognize an anomaly result in an incom-
plete and therefore inadequate examination. In a review of
126,595 cases from the Cleveland Clinic (47), the most
common of these anomalies was separate ostia of the left
anterior descending and left circumflex arteries (0.41%).
When separate ostia of the left anterior descending and left
circumflex are present, the catheter will generally sit with
its tip in the left anterior descending, although there is gen-
erally adequate spillover to opacify the circumflex. If not,
separate cannulation of the circumflex may be necessary,
using the next-larger size left Judkins catheter (e.g., JL5
instead of JL4) or a left Amplatz catheter. A similar situa-
tion may exist in the right coronary artery, where the conus
branch may have a separate ostium whose separate cannu-
lation may be necessary to demonstrate important collater-
als when reflux during the right coronary injection does
not provide adequate reflux to opacify the conus.

The next most common anomaly is origin of the cir-
cumflex from the right coronary artery or right sinus of
Valsalva (0.37%). This should be suspected when the left
main is unusually long and a paucity of vessels to the lat-
eral wall is identified. Careful review of the RAO left ven-
triculogram may show a dot of contrast just behind the
aortic valve when the anomalous circumflex runs posterior
to the aorta (48). If an anomalous circumflex is not filled

adequately during right coronary injection, it must be can-
nulated separately (generally with an AL1 catheter). We
have seen patients in whom the only coronary lesion was
located in such an anomalous circumflex, and failure to
identify and opacify this vessel would have led to failure to
diagnose and treat the problem. 

In another common variant, anomalous vessels (partic-
ularly the right coronary artery) may originate unusually
high in the aortic root or out of the normal coronary plane
(38; Fig. 11.16), making them easier to cannulate using left
Amplatz rather than right Judkins catheters. The left coro-
nary may originate from the right sinus of Valsalva (Fig.
11.17), either as a separate ostium (49) or as part of a sin-
gle coronary (50). Origin of a coronary artery from the
noncoronary sinus of Valsalva is rare but has been reported
(47,51). The main effect of these coronary anomalies is to
test the patience, knowledge, and resourcefulness of the
angiographer. Other anomalies, however, may themselves
cause myocardial ischemia (even in the absence of athero-
sclerotic stenosis) and are described later in the section on
nonatherosclerotic coronary artery disease.

Angiographic Views

Accurate coronary diagnosis requires coronary injections
in multiple views to be sure that all coronary segments
are seen clearly without foreshortening or overlap. The
angulation of each view is given in two terms. The first
term denotes rotation, i.e., the term right anterior oblique
(RAO) designates a view where the image intensifier is
located over the patient’s right anterior chest wall, and
left anterior oblique (LAO) designates a view where the
image intensifier is located over the patient’s left anterior
chest wall. The second term denotes skew, i.e., the
amount of angulation toward the patient’s head (cranial)
or foot (caudal). Although the full nomenclature of skew
specifies first the source of the beam and then the loca-
tion of the imaging device (e.g., caudocranial, to denote
that the x-ray tube is toward the patient’s feet while the
image intensifier is located toward the patient’s head), in
practice this is simplified to give just the location of the
imaging device. The term RAO caudocranial is thus stated
as RAO-cranial.

When cradle systems were in use in the 1970s, these
views were usually limited to different degrees of left or
right anterior obliquity in the transverse plane, including the
classic 60° LAO and 30° RAO projections (see Fig. 11.14).
To allow concurrent cranial angulation of the x-ray beam,
cradle systems were then modified by propping the
patient’s shoulders up on a foam wedge—hence the name
sit-up view—to provide compound LAO-cranial projection.
In the 1980s, cradle systems were abandoned in favor of
parallelogram or rigid U-arm systems supported by a rotat-
ing pedestal (see Chapter 2) that allow compound beam
angulation in any combination of conventional transverse
(LAO, RAO) with skew (cranial, caudal) angulation up to
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45°. Although these views place increased demands on the
generator and increase the scattered radiation, there is no
doubt that they have improved our ability to define coro-
nary anatomy (Fig. 11.18; 52–54).

It is not necessary to perform all potential views in a
given patient to constitute an adequate study. Rather, a
series of screening views should be used as the foundation
of the study, adjusted or supplemented by one or more
additional views selected to more completely define
suspicious areas. This requires the operator to interpret
the coronary anatomy as each injection is made or by dig-
ital review—it is not acceptable to simply shoot a series of
routine views and hope that the study will prove adequate
when reviewed later. Although some laboratories rely on a
technician to set up shots and pan the table during coro-
nary angiography, I (DB) believe that each operator
should know how to do this himself or herself to develop
a good understanding of how the choice of gantry angula-
tion influences the projected coronary anatomy. One valu-
able training tool in this respect is a simple wire model of
the coronary anatomy, which is viewed as it is moved into
different angles (Fig. 11.19; 55). A computer program
that simulates the effect of changing angles on the pro-
jected coronary anatomy is provided on the companion
DVD-ROM to this text book. Although there is no substi-
tute for this type of hands-on learning, the discussion
below is provided as a rough introduction.

Right Anterior Oblique Projections

For historic reasons relating to cradle systems, the screen-
ing views used in many laboratories were the straight

LAO-RAO angulations. With the availability of more
modern gantry systems, it became clear that certain cra-
nial and caudal angulated views offer far better anatomic
definition. Thus, we generally avoid the straight 30° RAO
projection of the left coronary, because it suffers from
overlap and foreshortening of both the left anterior
descending and circumflex vessels (see Fig. 11.18).
Instead, our initial view of choice is the RAO-caudal pro-
jection (0 to 10° RAO and 15 to 20° caudal), since it pro-
vides an excellent view of the left main bifurcation, the
proximal left anterior descending artery, and the proxi-
mal to midcircumflex artery. The second view we perform
is a shallow RAO-cranial projection (0 to 10° RAO and 25
to 40° cranial), which provides a superior view of the
mid and distal left anterior descending artery, with clear
visualization of the origins of the septal and diagonal
branches. This shallow RAO cranial view is also quite
good for examination of the distal right coronary artery
or distal circumflex, since it effectively unstacks the poste-
rior descending and posterolateral branches and projects
them without foreshortening. It seldom, however, pro-
vides any useful information about the left main or cir-
cumflex coronary artery, because it causes them to be
overlapped and foreshortened.

Left Anterior Oblique Projections

The conventional 60° LAO projection is limited by overlap
and foreshortening of the left coronary artery, although it
is very useful in the evaluation of the proximal and
midright coronary artery. The LAO-cranial view, created by
the addition of 15 to 30° of cranial angulation, elongates
the left main and proximal left anterior descending arteries
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Figure 11.16 Multidetector computed tomographic image of a patient with anomalous origin of
the right coronary artery from the left sinus of Valsalva and a course between the aorta and pul-
monary artery (RCA, right coronary artery; LAD, left anterior descending; LC, left circumflex; AO,
aorta; RVOT, right ventricular outflow tract).



while projecting the intermedius or first diagonal branch
downward off the proximal circumflex. If radiographic
penetration in this view is difficult, reducing the LAO
angulation to 30 to 40° will usually allow the left anterior
descending artery to fall into the lucent wedge between the
right hemidiaphragm and the spine. Performing the angio-
graphic run during a sustained maximal inspiration will
usually pull the diaphragm down and improve x-ray pene-
tration. The LAO-caudal view (40 to 60° LAO and 10 to

20° caudal) projects the left coronary artery upward from
the left main in the appearance of a spider (hence the older
term, spider view), and usually offers improved visualiza-
tion of the left main, proximal left anterior descending
(LAD), and proximal circumflex arteries. It is particularly
valuable in patients whose heart has a horizontal lie, i.e.,
the origin of the left main artery projects at or below the
proximal left anterior descending artery in the standard
LAO projection. This view can often be enhanced by film-
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Figure 11.17 Anomalous origin of the circumflex from the right coronary artery. Top left. Note
the long left main and absence of a circumflex during injection of the left coronary artery. Top right.
Review of the right anterior oblique (RAO) left ventriculogram shows the telltale dot behind the aor-
tic root, created by an end-on look at the anomalous circumflex coursing behind the aorta. Center
left. The anomalous circumflex (Cx) originates from the right sinus of Valsalva with severe stenosis
(arrows) responsible for the patient’s unstable anginal syndrome. Center right. The RAO projection
shows that the anomalous circumflex (arrow) has a separate ostium immediately posterior to the
RCA origin, and then courses behind the aorta to reach the lateral wall of the left ventricle. Bottom
left. In a different patient with an acute inferior wall myocardial infarction, a right sinus injection was
performed after difficulty was encountered engaging the right coronary, and showed no right coro-
nary ostium but faint filling of a vessel crossing the aorta. Bottom right. A left Amplatz catheter was
used to cannulate the anomalous right coronary ostium originating from the left sinus of Valsalva
(slightly anterior to the left coronary artery), revealing the RCA occlusion and thrombus (dotted
arrow) responsible for the inferior MI, which then underwent primary angioplasty and stenting.



ing during maximal expiration, which accentuates a hori-
zontal cardiac position and allows a better look from
below, although it stresses the radiographic capacity of
most older installations.

Posteroanterior and Left Lateral Projections

The straight posteroanterior (PA, or “0-0”) and left lateral
projections tend to be underused in the era of complex
angulation. Because the left main coronary artery curves
from a more leftward to an almost anterior direction
along its length, the PA projection (sometimes referred to
incorrectly as the AP projection) frequently provides the
best view of the left main ostium. On the other hand, the
shallow RAO-caudal view frequently provides a better
look at the more distal left main artery. The left lateral pro-
jection is particularly useful in examining the proximal
circumflex and the proximal and distal left anterior
descending arteries, particularly when combined with
slight (10 to 15°) cranial angulation. This projection also
provides the best look at the anastomosis of a left internal
mammary graft to the middistal left anterior descending
and offers an excellent look at the midportion of the right
coronary artery, free of the excessive motion seen when this
portion of the vessel is viewed in the straight RAO projec-
tion. The left lateral projection also has the advantage of
allowing easy radiographic penetration in most patients
when it is performed with both of the patient’s hands posi-
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Figure 11.18 Geometry of angulated views. Conventional
coronary angiography was performed previously using angula-
tion only in the transverse plane (top), as demonstrated by the
60° left anterior oblique (LAO) and 30° right anterior oblique
(RAO) views. Currently, improved x-ray equipment permits
simultaneous cranial or caudal angulation in the sagittal plane.
Each view is named based on the location of the image intensi-
fier, rather than the older nomenclature specifying the location
of both the x-ray tube and intensifier (i.e., cranial is equivalent to
caudocranial).

Figure 11.19 Demonstration of angiographic projections using the author’s coronary model.
LAO and RAO projections are photographed straight (i.e., with no cranial or caudal angulation) as
well as with moderate cranial and moderate caudal angulation (see text for details).



tioned behind the head, although it generates the highest
degree of backscatter given the proximity of the beam entry
point on the patient’s right side to the operator.

Over the past several years, operators in our laboratory
have adopted a uniform sequence of these views, adjusting
the exact angles slightly in each patient as dictated by test
puffs of contrast. Beginning with the left coronary artery,
these views include the following:

1. RAO-caudal to visualize the left main, proximal LAD,
and proximal circumflex

2. RAO-cranial to visualize the mid and distal LAD with-
out overlap of septal or diagonal branches

3. LAO-cranial to visualize the mid and distal LAD in an
orthogonal projection

4. LAO-caudal to visualize the left main and proximal cir-
cumflex.

One or more supplemental views (PA, lateral-cranial,
lateral-caudal) may then be taken to clarify any areas of
uncertainty. The right coronary catheter is then placed,
after which three screening views are obtained:

1. LAO to visualize the proximal right coronary artery (RCA)
2. RAO-cranial to visualize the posterior descending and

posterolateral branches
3. Lateral to visualize the mid-RCA

Lesion Quantification

To quantify a coronary stenosis accurately, it must be seen
in profile, free from artifact related to foreshortening or
obfuscation by a crossing vessel. Multiple views are impor-
tant, because many lesions have a markedly eccentric
(elliptical rather than round) lumen (56). When seen
across its major axis, the width of the lumen may appear
nearly normal, but a clue to the presence of a severe degree
of narrowing in the other axis may be marked lucency
caused by thinning of the contrast column. Any such suspi-
cious lesions must be examined in a variety of other pro-
jections to reveal their true severity and to distinguish the
lucency caused by eccentric stenosis from a similar lucency
that may be seen adjacent to an area of denser contrast
(caused by tortuosity or overlapping vessels in the absence
of any true abnormality at the site) through a perceptual
artifact known as the Mach effect (57).

The ability of coronary angiography to quantify the
degree of stenosis at different points in the coronary circu-
lation is fundamentally limited by the fact that it consists
of a “lumen-o-gram,” in which each stenosis can be evalu-
ated only by comparison to an adjacent reference segment
that is presumed to be free of disease. In fact, both intravas-
cular ultrasound (56; see Chapter 19) and pathologic
examination (58) show that even segments that appear
smooth on angiography may harbor substantial plaque. It
is thus important to have a sense of the normal caliber of
the major coronary arteries (4.5  0.5 mm for the left

main, 3.7  0.4 mm for the left anterior descending, 3.4 

0.5 mm for a nondominant versus 4.2  0.6 mm for a
dominant circumflex, and 3.9  0.6 mm for a dominant
versus 2.8  0.5 mm for a nondominant right coronary
artery (59). By comparing the diameter of a presumably
disease-free segment of coronary artery to the size of the
diagnostic catheter (6F equals 2 mm), the operator can
identify vessels that fall below these normal size ranges
and may thus be diffusely diseased.

In addition to the difficulty in finding a disease-free ref-
erence segment, a major problem in the interpretation of a
coronary angiogram is deciding the severity of any given
stenosis. Both animal data (60) and human data (61) show
that a stenosis that reduces the lumen diameter by 50%
(and hence cross-sectional area by 75%) is hemodynami-
cally significant in that it reduces the normal threefold to
fourfold flow reserve of a coronary bed (Fig. 11.20),
whereas a 70% diameter stenosis (90% cross-sectional
area) eliminates virtually any ability to increase flow above
its resting level (see Chapter 18). Stenoses that reduce the
lumen diameter by 90%, however, rarely exist without
reducing antegrade flow (i.e., TIMI [Thrombolysis in
Myocardial Infarction] grade 1 or 2, rather than TIMI grade
3 normal flow).

Instead of the subjective TIMI flow grading system,
Gibson et al. (62) have created norms for the number of
cine frames (at 30 frames per second [fps]) required for
contrast to leave the catheter tip and reach standardized
distal landmarks in each coronary artery (the LAD “mus-
tache,” the first posterolateral branch of the right coro-
nary). Contrast normally reaches these points in 20 frames
for the RCA and 36 frames for the LAD, with TIMI 2 (par-
tial) flow corresponding to more than a doubling of those
frame counts. Of course, even more precise data about
hemodynamic lesion significance can be determined by
performance of flow or pressure gradient measurements, at
rest and during arteriolar vasodilation (e.g., after adeno-
sine administration) to calculate the coronary flow or frac-
tional flow reserve (63). Lesions that permit a flow increase
of more than twofold, or have a ratio of distal pressure to
aortic pressure �0.75 in the setting of peak flow after
adenosine injection, are generally considered to be hemo-
dynamically insignificant. Angiographically borderline (40
to 60%) lesions for which there is no clear objective evi-
dence of ischemia (i.e., exercise test, perfusion scan)
should thus be interrogated further with intravascular
ultrasound or pressure wire measurements before consid-
ering intervention (see Chapters 18 and 19).

In clinical practice, however, the degree of lesion steno-
sis is usually just estimated visually from the coronary
angiogram. The operator must thus develop a sense of
what constitutes a 50, 70, and 90% diameter stenosis (see
Fig. 11.21). Although the process of visually estimating the
degree of coronary stenosis may seem straightforward, it is
subject to significant operator variability (the standard
deviation for repeat estimates is �18%: 64) as well as a sys-
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tematic form of “stenosis inflation” that causes operators
to estimate a diameter stenosis that is roughly 20% higher
than that measured by quantitative coronary angiography
(QCA; 65). A stenosis that measures 50% will thus typi-
cally be called 70%, whereas a stenosis that measures 70%
will be called 90%. 

Tools are available to resolve this problem. The simplest
is to project the coronary image on a wall-mounted view-
ing screen and to use inexpensive digital calipers (available
from machinist supply houses) to measure the relative
diameters of the stenotic and reference segments (66).
Percent stenosis then can be calculated as 100 � [1�(stenosis
diameter/reference diameter)] to provide a more accurate
estimate of stenosis. This technique also reduces the stan-

dard deviation for diameter stenosis to 6 to 8% (64,66).
Even greater precision can be obtained by using computer-
assisted algorithms to perform automated edge detection
on digitally acquired images to measure the coronary
lumen with a standard deviation �5% (67,68). The amount
of variation in diameter stenosis readings for one study
(69) using these different methods concurrently is shown
in Fig. 11.22.

The good news is that angiographers who have trained
their eye in actual stenosis quantification (by using digital
calipers or computer-assisted quantitative coronary angiog-
raphy) can then actually give visual estimates much closer
to true measurements. (70) This would allow angiographers
to be more uniform in their visual estimates and move
away from reporting physiologically impossible findings
like a 95% stenosis with normal distal flow. Until there is a
stenosis reading reform, so that those of us who call such
lesions accurately (e.g., 70%) will not be accused of inter-
vening on mild lesions, there will be no substitute to see-
ing the films yourself before making any clinical decisions!

It has also become important to evaluate lesion morphol-
ogy more accurately from the coronary angiogram. Features
such as eccentricity, ulceration, and thrombus may be associ-
ated with unstable clinical patterns (71,72), whereas features
such as calcification, eccentricity, or thrombus may influence
the choice of catheter intervention. Many of these features
can be recognized from careful study of high-quality cinean-
giograms, although angiography is clearly not as sensitive to
these features as intravascular ultrasound (73) or angioscopy
(for thrombus or dissection; 74). Angiographers may also
have trouble predicting the physiologic significance of a
coronary lesion, in which case angiography may need to be
supplemented by other techniques such as direct flow or dis-
tal pressure measurements (63). Finally, the absence of
lesions narrowing the coronary lumen by �50% does not
necessarily confer immunity from subsequent coronary
events, since it is frequently a less severe stenotic lesion that
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Figure 11.20 Effect of coronary stenosis on myocardial blood
flow and coronary vasodilator reserve. Top. Resting flow (open cir-
cles) is well maintained at approximately 1 mL/minute per gram of
myocardium throughout the range of evaluated diameter stenosis.
The ability to increase flow during vasodilator stimulus (closed cir-
cles), however, becomes impaired for stenosis �50% and is virtu-
ally abolished �70%. Bottom. The vasodilator reserve (dilated
flow/resting flow), which has a normal value of 3 to 4 but is
reduced with stenosis �50% and falls to 1 at �70%. (From Uren,
et al., Relation between myocardial blood flow and the severity of
coronary artery stenosis. N Engl J Med 1994;330:1782, with per-
mission).

Figure 11.21 Coronary stenoses of 50, 70, and 90% diameter
reduction are shown in longitudinal and cross section. The corre-
sponding reductions in cross-sectional area are indicated in paren-
theses.



has the large lipid core and thin fibrous cap that may predis-
pose to subsequent plaque rupture and the resulting coro-
nary thrombosis (75). Despite these recognized limitations
in quantification and morphology assessment, contrast coro-
nary angiography remains the clinical standard by which
lesions are evaluated and decisions are made regarding the
need for (and best mode of providing) revascularization in
the patient with ischemic heart disease.

Coronary Collaterals

In reviewing the coronary angiogram, one basic principle
is that there should be evident blood supply to all portions
of the left ventricle. Previously occluded vessel branches
are usually manifest as truncated stumps, but a stump may
not be evident if there has been a flush occlusion at the ori-
gin of the involved vessel. These occluded or severely
stenotic vessels will frequently be seen to fill late in the
injection by antegrade (so-called bridging) collaterals or
collaterals that originate from the same (intracoronary)
or an adjacent (intercoronary) vessel, which are reviewed
in an excellent paper by Levin (76) and illustrated in
Figs. 11.23 through 11.25. Finally, coronary occlusion may
present in some patients simply as an angiographically
arid area to which there is no evidence of either antegrade
or collateral flow and no evident vascular stump. If such

an area fails to show regional hypokinesis on the left ven-
triculogram, however, the operator should search care-
fully for blood supply by way of anomalous vessels or
unopacified collaterals (i.e., a separate origin conus
branch that was not opacified during the main right coro-
nary injections), because the myocardium cannot con-
tinue to function normally with no visible means of sup-
port. Functioning collaterals, however, can maintain a
coronary wedge pressure that averages nearly 40% of
mean aortic pressure (77,78), thereby maintaining
myocardial viability in the collateral-fed distribution.
Along with other measures of retained or augmentable
wall motion, redistributing defects on perfusion imaging,
and positron emission tomographic (PET) evidence of
ongoing glucose metabolism, the angiographic presence
of collateral flow to an area in the distribution of an
occluded coronary artery is one of the strongest evidences
of ongoing myocardial viability and an important factor
in determining the best revascularization strategy.

Although it is uncommon, what appears as a network of
collaterals may be the vascular supply to an organized
thrombus (in the left ventricle or left atrium) or a cardiac
tumor. Those entities should be suspected when filling of
an apparent collateral network is seen in the absence of
occlusion or severe stenosis of the normal supply to a
myocardial territory.
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Figure 11.22 In a series of 227 patients with single-vessel disease, visual estimates (right curve,
average nearly 90%) were consistently higher than either caliper measurements (average near 80%)
or computer-assisted quantitative angiography by either geometric or densitometric techniques (left
curves, average near 70% diameter stenosis). (From Folland ED, Vogel RA, Hartigan P, et al. Relation
between coronary artery stenosis assessed by visual, caliper, and computer methods and exercise
capacity in patients with single-vessel coronary artery disease. Circulation 1994;89:2005, with per-
mission).



NONATHEROSCLEROTIC CORONARY
ARTERY DISEASE

Although atherosclerotic stenosis is far and away the
most common pathologic process responsible for
myocardial ischemia, the angiographer must be aware of
various other potential causes. These include certain con-
genital anomalies of coronary origin (46,79–81)—for
example, an anomalous coronary that courses between
the aorta and pulmonary artery (Fig. 11.16), in which
flow may be compromised by deformation of the ostium
or compression of the proximal vessel, potentially even
causing sudden death. In patients with such anatomy
and objective evidence of ischemia on medical therapy,
bypass surgery or stenting of the anomalous segment
may be considered (82).

Other abnormalities include coronary fistulae (Fig.
11.26), coronary aneurysms (83,84), and muscle bridges
(Fig. 11.27; 85,86). Coronary fistulae, connections mostly
from a coronary artery to the right ventricle, right atrium,

pulmonary artery, or coronary sinus, are found in roughly
0.1% of patients coming to cardiac catheterization.
When they are large (or in the setting of proximal coro-
nary disease), these fistulae may cause chronic volume
overload or myocardial ischemia and must be closed,
using surgery or newer catheter techniques (emboliza-
tion coils, covered stents; 87). Smaller, asymptomatic fis-
tulae may close spontaneously, however, and can be
managed conservatively (88). Muscle bridges are sections
of a coronary artery (almost always the left anterior
descending) that run under a strip of left ventricular
muscle, which compresses the lumen during ventricular
systole despite a normal appearance during diastole
(85,86). Similar systolic compression of the first septal
branch (saw-toothing) is also seen in many patients with
hypertrophic cardiomyopathy (89). When one of these
congenital anomalies is present in a patient with
ischemic symptoms in whom catheterization has failed
to demonstrate the expected finding of coronary athero-
sclerosis, the angiographer should be able to recognize it
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Figure 11.23 Ten collateral pathways observed in patients with right coronary (RC) obstruction
(total occlusion or �90% stenosis). LAD, left anterior descending; C, circumflex; OM, obtuse mar-
ginal; PD, posterior descending; PLV, posterior left ventricular branch; AM, acute marginal branch of
right coronary artery; AV, atrioventricular nodal; LC, left coronary. Numbers in parentheses repre-
sent numbers of cases in this series. (From Levin DC. Pathways and functional significance of the
coronary collateral circulation. Circulation 1974;50:831. By permission of the American Heart
Association, Inc.)



as a potential cause of ischemia and recommend addi-
tional functional testing with an eye toward surgical or
catheter-assisted repair (fistula coil embolization, mus-
cle bridge stent placement). 

The coronary arteries may also be affected by medium-
vessel vasculitis (90), including polyarteritis nodosa and
the mucocutaneous lymph node syndrome (Kawasaki dis-
ease). The latter is largely a childhood illness, in which
coronary arteritis may lead to aneurysm, stenosis, or
thrombosis that was often fatal (usually in the first month
of the illness) before the use of high-dose gamma globulin
to treat the acute illness. When coronary aneurysms are
found in adults, it may thus be difficult to determine if
they represent atherosclerotic damage to the vessel wall
or the remainders of childhood Kawasaki disease (83).
The treatment for the stenotic lesions (bypass or catheter-
based intervention), however, are the same regardless of
the etiology. 

Although not an arteritis, cardiac allograft vasculopa-
thy (91) is one of the most troublesome long-term com-
plications of heart transplantation. The mechanism
seems to be an immune-mediated diffuse vascular pro-

liferative response involving distal as well as proximal
coronary arteries, with superimposed focal lesions of the
proximal vessels. The latter may be amenable to
catheter-based revascularization. Patients who have
received prior mantle radiation therapy for Hodgkin dis-
ease may be at risk for radiation-induced coronary
stenosis (92), particularly of the left and right coronary
ostia and the proximal left coronary artery, up to 20
years after completing their course of therapy. The
pathology is most commonly fibrotic contraction of the
vessel wall, rather than intimal proliferation or plaque
formation.

Finally, some patients who come to catheterization have
no demonstrable coronary abnormality to account for
their clinically suspected ischemic heart disease. Although
anginalike pain can be seen in patients with noncoronary
cardiac abnormality (e.g., mitral valve prolapse, hyper-
trophic cardiomyopathy, aortic stenosis, myocarditis) or
extracardiac conditions (esophageal dysmotility [93],
cholecystitis), one must also consider the possibility of epi-
cardial or microvascular coronary vasospastic disease (see
below).
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Figure 11.24 Seven collateral pathways observed in patients with left coronary artery obstruc-
tion. Abbreviations and format are the same as in Figure 11.23. (From Levin DC: Pathways and func-
tional significance of the coronary collateral circulation. Circulation 1974;50:831. By permission of
the American Heart Association, Inc.)



Chapter 11: Coronary Angiography 213

Figure 11.25 Angiographic appearance of some common collateral pathways. Top left. Bridging
or vasa vasora collaterals in an occluded right coronary artery (RCA). Top right. Kugel collateral
(sinus node to atrioventricular node, dotted arrow) supplying the distal RCA. Center left. Full-bore
connection (dotted arrow) between the distal circumflex and the distal portion of an occluded RCA,
in a patient with coexisting left anterior descending (LAD) occlusion (short arrow). Center right.
Classic Vieussens (Raymond de Vieussens, 1641–1715) collateral connecting the conus branch of the
RCA to the LAD in the same patient as shown in the previous example. Bottom left. Septal-to-sep-
tal collateral in severely stenotic LAD. Bottom right. Posterior descending septal branches connect-
ing to septal branches of an occluded LAD.

Coronary Vasospasm

Vasospasm of an epicardial coronary artery typically pre-
sents as variant (or Prinzmetal) angina in which episodes
of rest pain occur despite well-preserved effort tolerance at
other times (94). An electrocardiogram recorded during an
episode of spontaneous pain usually shows ST elevation in
the territory supplied by the vasospastic artery. Absence of
a significant coronary lesion in such a patient confirms the

diagnosis of variant angina owing to focal coronary spasm
(Fig. 11.28). In these patients, coronary angiography is per-
formed mainly to look at the extent of underlying athero-
sclerosis (95). Provocative maneuvers to initiate spasm
were once common to confirm the diagnosis and evaluate
drug therapy (96). It is now used mostly when the diagnosis
of variant angina is uncertain and a patient with trouble-
some chest pain fails to manifest sufficient disease to
explain its cause. 
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Figure 11.26 Coronary artery fistula (arrow)
between the midleft anterior descending
coronary artery and the pulmonary artery,
shown in the right anterior oblique view.

Figure 11.27 Muscle bridge. Moderately severe muscle bridge of the left anterior descending
coronary artery (arrow) as seen in diastole (left) and systole (right).

If provocative testing for coronary spasm is contem-
plated, the patient should be withdrawn from calcium
channel blockers for at least 24 hours and long-acting
nitrates for at least 12 hours before the study and should
not be premedicated with either atropine or sublingual
nitroglycerin. Ongoing therapy with any of these agents
may render provocative tests falsely negative (96).
Although various provocative tests have been used (metha-

choline, epinephrine and propranolol, hyperventilation
and tris-buffer, cold pressor), the most commonly used
provocative agent has been ergonovine or methyler-
gonovine maleate (Methergine, Sandoz, East Hanover, NJ;
97–99). These agents are stimulants of the �-adrenergic and
serotonin receptors in coronary vascular smooth muscle. 

Testing for coronary spasm should be performed only
after baseline angiographic evaluation of both the left and
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right coronary arteries. It should not be performed in
patients with severe hypertension or severe anatomic car-
diac pathology (left ventricular dysfunction, left main or
multivessel disease, or aortic stenosis). As an example, our
protocol for using methylergonovine calls for a total of
0.4 mg (400 mg equals 2 ampules) to be diluted to a total
volume of 8 mL in a 10-mL syringe that is appropriately
labeled. The provocative test consists of graded intravenous
administration of 1 mL (0.05 mg), 2 mL (0.10 mg), and
5 mL (0.25 mg) of this mixture at 3- to 5-minute intervals.
Parenteral nitroglycerin (100 to 200 mg/mL) must be pre-
mixed and loaded in a labeled syringe before the testing is
begun. It is also advisable to have an intracoronary calcium
channel blocker (verapamil 100 
g/mL, diltiazem 250

g/mL) or nitroprusside (100 
g/mL) close at hand in case
nitroglycerin-refractory spasm develops. Temporary pacing
and defibrillator equipment should also be available to
treat the bradyarrhythmias or tachyarrhythmias that some-
times accompany coronary spasm. At 1 minute before each
ergonovine dose, the patient is interrogated about symp-
toms similar to those of her or his clinical complaint, and
a 12-lead electrocardiogram is recorded. After each electro-
cardiogram, coronary angiography is performed, looking
either at both arteries or only at the artery of highest clini-
cal suspicion for vasospasm. In the absence of clinical

symptoms, electrocardiographic changes, or focal coronary
vasospasm, the next ergonovine dose is administered, and
the cycle is repeated until the total dose of 0.4 mg has been
given. The provocative test should be considered positive
only if focal spasm (�70% diameter stenosis) occurs and is
associated with clinical symptoms and/or electrocardio-
graphic changes. Even if there are no symptoms or electro-
cardiographic changes, both coronary arteries should be
opacified at the end of the provocative test, and any gener-
alized vasoconstrictor effect should be terminated by
administration of nitroglycerin to document the resolution
of spasm and the extent of underlying atherosclerotic
stenosis. Note that coronary artery spasm may occur in two
vessels simultaneously (Fig. 11.29), and visualization of
only one vessel may fail to adequately assess the magni-
tude of the vasospastic response. 

Some operators have used an intracoronary methyler-
gonovine administration protocol, in which a 4-minute
intracoronary infusion (10 
g/minute in the right and
16 
g/min in the left coronary) is administered. Alter-
natively, discrete doses of 5 to 10 
g may be given into a
coronary artery, waiting 3 minutes and imaging before a
second dose is given (maximal total dose 50 
g per vessel).
These intracoronary protocols may be advantageous in that
they produce less systemic effect (hypertension, esophageal

Figure 11.28 True coronary spasm.
Intense focal vasospasm of the left anterior
descending coronary artery is shown in
right anterior oblique projection in a
patient with variant angina. Note the
absence of a significant underlying athero-
sclerotic stenosis in the top view, the
absence of vasoconstriction of other vessel
segments, and the marked ST elevation in
the anterior leads during the spontaneous
vasospastic episode. (From Baim DS,
Harrison DC. Nonatherosclerotic coronary
heart disease. In: Hurst JW, ed. The Heart,
5th ed. New York: McGraw-Hill, 1985, with
permission.)



spasm). The other intracoronary provocative test for coro-
nary spasm uses acetylcholine (serial doses of 20-50-100

g injected into the left coronary, and 20-50-80 
g injected
into the right coronary). Some investigators have also used
hyperventillation as a provocative test for spasm (100,
Figure 11.29). The same caveats regarding ready availability
of potent intracoronary vasodilators to treat spasm also
apply to any of these prevocational protocols.

Several additional comments about ergonovine are in
order. Ergonovine testing should be avoided in patients
with severe atherosclerotic stenosis (�80%), in whom
spasm is not required to explain the clinical symptoms. In
these patients, however, we frequently do repeat coronary
angiography of the stenotic vessel after the intracoronary
administration of 200 mg of nitroglycerin to exclude the
possibility that spontaneous focal vasospasm is contribut-
ing to the appearance of severe atherosclerotic stenosis.
Second, the operator should be aware that the positivity
rate depends strongly on which patients are studied; the
test is almost always positive in patients with known vari-
ant angina (if their disorder is active and medications have
been withheld) and is positive in approximately one third
of patients with clinically suspected variant angina, but it is
positive in �5% of patients whose symptoms do not sug-
gest variant angina (99). The Duke group (101) reported

ergonovine testing in 3,447 patients without significant
coronary disease or variant angina, with an overall positiv-
ity rate of 4% in such patients. There were two indepen-
dent predictors of a positive test: mild to moderate disease
on the angiogram (spasm often takes place at the point of
such disease) and a history of smoking, whose presence
increased the positivity rate to 10%. 

Since finding spasm is so uncommon now that the syn-
drome is detected clinically in most patients and is treated so
effectively by calcium channel blockers, the risk of
ergonovine testing to evaluate patients with atypical symp-
toms and minimal fixed coronary disease is remarkably low.
In the Duke study, significant complications occurred in only
11 patients (0.03%), including myocardial infarction in
four patients and ventricular tachycardia or fibrillation (VT
or VF) in seven patients (101). When provocative testing pro-
duces clinical symptoms but no angiographic evidence of
vasospasm in either coronary artery, there may still be scinto-
graphic evidence of myocardial ischemia due to microvascu-
lar spasm. Both multivessel epicardial and microvascular
spasm have been implicated in tako-tsubo syndrome where
extreme emotional stress is followed by chest pain, ST eleva-
tion, and a particular pattern of apical hypokinesis extending
beyond the usual single coronary territory. If there are no
signs of myocardial ischemia, an alternative diagnosis such
as esophageal dysmotility (93), which can also be provoked
by methylergonovine, should be considered.

It is also important to distinguish the intense focal
spasm seen in patients with variant angina from the nor-
mal mild (15 to 20%) diffuse coronary narrowing seen as a
pharmacologic response to ergonovine in normal patients
(102). True coronary spasm must also be distinguished
from spasm induced by mechanical interventions such as
rotational atherectomy (see Chapter 28) or catheter-tip
spasm (Fig. 11.30). Catheter-tip spasm is most common in
the right coronary artery, is not associated with clinical
symptoms or electrocardiographic changes, and does not
indicate variant angina (103). It should be recognized as
such, however, and treated by withdrawal of the catheter,
administration of nitroglycerin, and nonselective or cau-
tious repeat selective opacification of the involved vessel to
avoid mistaking catheter-tip spasm for an atherosclerotic
lesion. Spasm should also be distinguished from a “pleat-
ing” artifact that may occur when a curved artery is
straightened out by a stiff guidewire (Fig. 11.31), causing
folds of the vessel wall to impinge on the lumen. Pleating
is refractory to nitroglycerin but resolves immediately
when the stiff guidewire is withdrawn (104).

Abnormal Coronary Vasodilator Reserve

Evidence has been accumulating that the patient group
with angina and angiographically normal coronary arter-
ies may contain a subgroup of patients who have myocar-
dial ischemia on the basis of abnormal vasodilator
reserve. Despite angiographic normality, intravascular
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Figure 11.29 A 37-year-old man was admitted with chest pain
and ST-segment elevation in the inferior leads. Emergency
catheterization was performed for presumed acute myocardial
infarction within 30 minutes of presentation (top left), but dis-
closed a dominant right coronary artery with only mild disease at a
time when pain had resolved after nitrate and heparin therapy.
Hyperventillation (30 breaths per minute for 5 minutes) was per-
formed with reduction of PCO2 to 19 mm Hg and elevation of pH
to 7.61, resulting in provocation of occlusive focal spasm of the dis-
tal right coronary artery with return of chest pain and ST-segment
elevation (top right). Relief of vasospasm and marked general dila-
tion of the RCA was produced by intracoronary administration of
trinitroglycerin (TNG) 200 
g (bottom left) and diltiazem 500 
g
(bottom right).



ultrasound examination may show normal vessel wall
architecture, intimal thickening, or atheromatous plaque
(84). In these patients, coronary blood flow (as described
in Chapter 18) may fail to rise normally with pacing
tachycardia or exercise, and the coronary vascular resis-
tance is increased abnormally (105). Also, many of these
patients show an abnormal rise in left ventricular end
diastolic pressure following pacing tachycardia and show
less lactate consumption than normal subjects in response
to pacing tachycardia (106). A failure of small vessel coro-
nary vasodilation, inappropriate vasoconstriction at the
arteriolar level, or functional abnormalities of capillary
endothelial cells in releasing endothelium-derived relax-
ing factor (EDRF) have been postulated to account for
these findings. Many patients with so-called syndrome X
respond at least partially to treatment with a calcium
channel blocker. Disordered small vessel vasoconstriction
has also been implicated in the tako-tsubo syndrome
where patients with angiographically normal epicardial
arteries may present with chest pain, anterior ST elevation,

and a unique pattern of apical akinesis (107,108; see also
Chapter 12). 

MISTAKES IN INTERPRETATION

An inexperienced operator often produces an incomplete or
uninterpretable study, especially if she or he is using poor
equipment. Such an operator is also likely to misinterpret
the angiographic findings, with potentially serious clinical
consequences. The following discussion summarizes some
of the most common pitfalls that may lead the inexperi-
enced coronary angiographer to mistaken conclusions.

Inadequate Number of Projections

There is no standard number of projections that will
always provide complete information. Each major vessel
must be viewed in an isolated fashion as it stands apart
from other vessels. Usually, the angulated views discussed
earlier in this chapter are necessary to visualize clearly the
anatomy of the proximal left anterior descending and cir-
cumflex arteries.

Inadequate Injection of Contrast Material

The inexperienced operator or assistant has a tendency to
hold back on the volume and force of injection into the
coronary circulation. This results in inadequate or inter-
mittent, pulsatile opacification of the coronary arterial tree
as contrast flow fails short of peak coronary flow during
diastole. Because there is inadequate mixing of contrast
agent and blood, pockets of nonradiopaque blood in such
inadequate injections may even give the appearance of
arterial narrowing.

Superselective Injection

It is not uncommon to catheterize the left anterior
descending or circumflex coronary artery superselectively,
especially when the left main coronary artery is short and
its bifurcation is early. To the inexperienced operator, this
may give the impression of total occlusion of the nonvi-
sualized vessel (e.g., if only the circumflex artery is opaci-
fied, the operator may conclude that the left anterior
descending artery is occluded). If adequate filling of the
noncannulated vessel cannot be achieved by reflux, selec-
tive cannulation of the LAD may be obtained by counter-
clockwise rotation or use of the next-smaller Judkins
catheter (e.g., JL3.5), whereas selection cannulation of
the circumflex may be obtained by clockwise rotation or
use of the next-larger Judkins catheter (e.g., JL5). With the
right coronary artery, superselective injection may occur if
the catheter tip is too far down the vessel, leading to fail-
ure to visualize the conus and sinus node arteries.
Because these are important sources of collateralization
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Figure 11.30 Vasomotor changes not representing true coro-
nary spasm. During right coronary catheterization with a Judkins
catheter (top left), this patient developed severe catheter-tip
spasm. Recatheterization 24 hours later with an Amplatz catheter
(top right) showed neither catheter-tip spasm nor an atheroscle-
rotic stenosis. Following ergonovine 0.4 mg, marked diffuse coro-
nary narrowing was observed (bottom left) without angina or elec-
trocardiographic changes. After the intracoronary administration
of nitroglycerin 200 mcg (bottom right), there is marked diffuse
vasodilation.



of the left coronary system, important information may
be missed (see Fig. 11.13). Adequate injection to give a
continuous (nonpulsatile) reflux of contrast agent back
into the sinus of Valsalva will help the operator to recog-
nize vessels that originate proximally to the catheter tip
and thus avoid the interpretation error of superselective
injection.

Selective cannulation of a coronary artery may also fail
to detect significant ostial stenosis, particularly if the
catheter tip lies beyond the lesion and adequate contrast
reflux is not produced. If ostial stenosis is suspected (e.g., if
there is partial ventricularization or damping), we have
found it helpful to perform a final injection during with-
drawal of the catheter from the ostium (Fig. 11.32).

Catheter-Induced Coronary Spasm

Coronary artery spasm may be related to the catheter itself,
possibly caused by mechanical irritation and a myogenic
reflex (see Fig. 11.30). It is seen most commonly when the
right coronary artery is engaged selectively, although it may
occur rarely in the left anterior descending artery as well.
Although catheter-tip spasm can occur with either the
brachial or femoral approach, it is probably more com-
mon with the right Judkins catheter, especially if the
catheter tip enters the right coronary ostium at an angle
and produces tenting of the proximal vessel. If coronary
narrowing suggests the occurrence of spasm to the opera-
tor, sublingual, intravenous, or intracoronary nitroglycerin
should be given and the injection repeated.

Congenital Variants of Coronary Origin 
and Distribution

This topic has been discussed earlier in this chapter, but it
bears re-emphasis. Variation in origin and distribution of
the coronary artery branches may confuse the operator
and cause him or her to mistakenly diagnose coronary
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Figure 11.31 Right coronary artery “pleating” artifact. Left. Baseline injection shows diffuse dis-
ease in this tortuous right coronary artery selected for rotational atherectomy. Center. shows
straightening of the proximal vessel by the stiff type C wire, creating three areas of infolding of the
vessel wall (arrows) as well as the appearance of ostial stenosis (curved arrow). Immediately on with-
drawal of the guidewire, the artery returned to its baseline curvature and these defects resolved
(arrows).

Figure 11.32 Masking of ostial stenosis during superselective
cannulation. Ostial stenosis of previously stented vein graft is not
apparent with the tip of the catheter well beyond the stenosis
(top and center). Continued injection during catheter withdrawal
(bottom) causes reflux into the aorta (solid arrow) and clearly
shows significant ostial stenosis.



occlusion. For example, a small right coronary artery that
terminates in the AV groove well before the crux may be
interpreted as an abnormal or occluded artery, whereas it is
a normal finding in 7 to 10% of human hearts. Double
ostia of the right coronary artery or origin of the circumflex
artery from the right coronary artery may be similarly con-
fusing and lead to misdiagnosis.

Myocardial Bridges

As discussed earlier, coronary arteries occasionally dip below
the epicardial surface under small strips of myocardium.
During systole, the segment of the artery surrounded by
myocardium is narrowed and appears as a localized stenosis.
These myocardial bridges occur most commonly in the dis-
tribution of the left anterior descending artery and its diago-
nal branches. The key to the recognition of these bridges is
that the apparent localized stenosis returns to normal during
diastole. Recent studies using the flow wire (see Chapter 18)
show clear derangement in phasic flow dynamics in muscle
bridge segments and their normalization by stent placement.
Although some severe muscle bridges can thus cause true
myocardial ischemia under certain circumstances, they are
seen in at least 5% of normal angiograms obtained in
patients with no evidence of ischemia in the LAD territory. 

Total Occlusion

If a coronary artery or branch is totally occluded at its origin,
it may not be visualized, and the occlusion may be missed.
If the occlusion is flush with the parent vessel, no stump will
be seen. Such occlusions are primarily recognized by
visualization of the distal segment of the occluded vessel by
means of collateral channels or by noting the absence of the
usual vascularity seen in a particular portion of the heart. 
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Cardiac ventriculography is used to define the anatomy
and function of the ventricles and related structures in
patients with congenital, valvular, coronary, and myopathic
heart disease (1–5). Specifically, left ventriculography may
provide valuable information about global and segmental
left ventricular function, mitral valvular regurgitation, and
the presence, location, and severity of a number of other
abnormalities such as ventricular septal defect, hyper-
trophic cardiomyopathy, or left ventricular mural throm-
bus. As a result, left ventriculography is often included as
part of the routine diagnostic cardiac catheterization pro-
tocol in a patient being evaluated for coronary artery dis-
ease, aortic or mitral valvular disease, unexplained left
ventricular failure, or congenital heart disease. Similarly,
right ventriculography may provide information about
global and segmental right ventricular function and can be
especially helpful in patients with congenital heart disease,
although right ventriculography is rarely performed in the
adult cardiac catheterization laboratory.

INJECTION CATHETERS

To achieve adequate opacification of the left or right ventri-
cle, it is necessary to deliver a relatively large amount of con-
trast material in a relatively short time. In adults, this is best
done using a 6F, 7F, or 8F catheter with multiple side holes
to allow rapid delivery of contrast material with the
catheter remaining in a stable position in the midventricle
to reduce the chance of arrhythmia. Catheters that have

only an end hole (such as the Cournand or multipurpose)
are not well suited for left ventriculography, since the con-
trast jet out of the single end hole can cause the catheter to
recoil during contrast delivery, potentially causing ventric-
ular ectopic beats, inadequate ventricular opacification,
and myocardial staining or even perforation.

Pigtail Catheter

The pigtail catheter (developed by Judkins) has several
advantages over an end-hole-only design for left and right
ventriculography (Fig. 12.1). Its end hole permits its inser-
tion over a J-tipped guidewire so that the pigtail catheter
can be advanced safely to the left ventricle from any arterial
access site (see Chapter 4), even in the patient with bra-
chiocephalic or iliac arterial tortuosity. The loop shape
keeps the end hole away from direct contact with the endo-
cardium, while multiple side holes on the several centime-
ters of catheter shaft proximal to the pigtail loop provide
numerous simultaneous exit paths for contrast material.
These offsetting jet directions help stabilize the catheter
within the left ventricle during contrast injection and
reduce the magnitude of catheter recoil. This virtually elim-
inates the possibility of endocardial staining, since the
end hole usually is not positioned adjacent to ventricular
trabeculae, and substantially reduces the occurrence of
ventricular ectopic beats. 

The pigtail usually passes easily across a normal aortic
valve, either directly or by prolapsing across the valve leaflets.
Passage across a stenotic aortic valve usually requires use of
a straight leading guidewire (see Chapter 4). In patients
with porcine aortic valve prosthesis, the pigtail generally
passes across the bioprosthesis even more easily than
straight catheters such as the multipurpose, since the pigtail

a David Hillis was a coauthor on this chapter in previous editions, and
some of his contributed text remains in the current chapter.
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configuration seems to prevent the catheter from sliding
down into the lateral sinuses outside the support struts.
Pigtail catheters can also be passed retrograde across a
ball valve prosthesis (Starr-Edwards), but the resulting
interference of the catheter shaft with seating of the ball
during diastole may cause significant aortic regurgitation.
Only the smallest-diameter (e.g., 4 F) catheter should be
used for this purpose, dwell time across the valve should
be kept to a minimum, and the patients should be moni-
tored carefully for hemodynamic deterioration until the
catheter is withdrawn from the left ventricle. Of course,
no catheter should ever be passed across a tilting disc
aortic valve prosthesis (Bjork-Shiley, Medtronic-Hall, or
St. Jude) because of the risk that the catheter will be
entrapped were it to pass through the smaller (minor) ori-
fice of the valve.

The original Judkins pigtail design had a straight shaft
leading up to the pigtail end. It was thus designed to sit
directly under the aortic valve, and just in front of mitral
inflow, relying on that inflow to distribute contrast to the
apex of the left ventricle. In routine practice, this has been
replaced by angled pigtail catheters, which have a 145 to
155° shaft angle at its distal end (just proximal to the side
holes). This angle mimics that between the aortic root and
the long axis of the left ventricle and helps the catheter
achieve a central position within the left ventricle. This
alignment may be improved further if the heart is pulled
into a somewhat more vertical orientation by having the

patient take and maintain a deep breath during the left
ventriculographic injection. Some authors have suggested
that catheter manipulation and overall image quality are
better with the angled than with the straight pigtail (6), but
adequate ventriculography can be achieved with either
shape. 

Other Left Ventriculographic Catheters

The Sones catheter is used widely for left ventriculogra-
phy when catheterization is performed from the brachial
approach, although some operators prefer to use a pigtail
catheter as described above. The polyurethane Sones
catheter (80-cm Cordis SON-II, Sones Technique, Cordis
Corporation, Miami, FL) is particularly suitable for left
ventriculography because it has four side holes in addition
to its end hole. The catheter comes in 6F, 7F, and 8F sizes
and tapers to a smaller external diameter near its tip. The
catheter will accept a 0.035-inch guidewire, which can be
useful in crossing a severely stenotic aortic valve. Techniques
for traversing a tortuous subclavian artery system and
entering the left ventricle with the Sones catheter are dis-
cussed in Chapter 5. For left ventriculography, the Sones
catheter should be positioned in an axial orientation
(parallel to the ventricular long axis), with its tip midway
between the aortic valve and left ventricular apex. Low
injection rates (see below) usually minimize the extent
and forcefulness of catheter recoil. Catheter recoil may

Figure 12.1 Examples of ventriculographic catheters (clockwise from the top): pigtail, 8F (Cook);
Gensini, 7F; NIH, 8F; pigtail, 8F (Cordis); Lehman ventriculographic, 8F; Sones, 7.5F tapering to a
5.5F tip (see text for details).
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still occur, however, with induction of multiple ventricular
extrasystoles and potential danger of endocardial staining.
Accordingly, the operator should hold the catheter during
injection and be prepared to withdraw it if significant
recoil develops.

The NIH and Eppendorf catheters have multiple side
holes and no end hole (Fig. 12.1). They are easily
inserted through an arteriotomy (by the brachial
approach) or percutaneously through a femoral arterial
sheath. The Cordis NIH (polyurethane) and Cook NIH
Torcon blue (polyethylene) catheters are relatively soft
and unlikely to cause dissection or perforation. The NIH
and Eppendorf can be gently prolapsed across the aortic
valve, but of course cannot be aided by a leading
guidewire because of the lack of an end hole. The
Lehman ventriculographic catheter has a tapered closed
tip that extends beyond multiple side holes (Fig. 12.1).
The tapered tip may assist the operator in manipulating
the catheter through tortuous arteries and across a
stenotic aortic valve. Once in the left ventricle, the tip
lessens the likelihood of endocardial staining, but may
increase the chance of ventricular ectopy during the injec-
tion of contrast material.

INJECTION SITE

The adequate opacification of either ventricle is accom-
plished only if a large amount of contrast material is deliv-
ered in a short time. Although satisfactory opacification of
the left ventricle can sometimes be achieved by the injection
of contrast material into the left atrium, this requires a trans-
septal catheterization, does not allow an evaluation of
mitral valvular incompetence, and may obscure the basal
portion of the left ventricle and the aortic valve. Similarly,
the left ventricle may be opacified by aortography in patients
with significant aortic regurgitation, and the right ventricle
may be opacified by injecting contrast material into the
venae cavae or right atrium. The best approach to ventricu-
lography in the adult, however, is via injection of contrast
material directly into the ventricular chamber in question. 

In the left ventricle, the optimal catheter position is the
midcavity, provided that ventricular ectopy is not a problem
(Fig. 12.2). Such a midcavitary position ensures (a) adequate
delivery of contrast material to the chamber’s body and apex;
(b) lack of interference with mitral valvular function, thus
producing factitious mitral regurgitation; and (c) positioning
of the holes through which the contrast material is injected

Figure 12.2 An example of midcavitary catheter position for 30° right anterior oblique left ven-
triculography using an angled pigtail catheter. A. Just before the injection of contrast material. B. At
the end of rapid filling. C. At end-diastole (post A wave). D. End-systole.
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away from ventricular trabeculae (a possible cause of endo-
cardial staining). In some patients, however, the midcavitary
position induces repetitive ventricular ectopy. In that case,
the tip of the catheter is best repositioned so that it lies in the
left ventricular inflow tract immediately in front of the poste-
rior leaflet of the mitral valve (Fig. 12.3). This position is usu-
ally free of ventricular ectopy, but may produce mitral regur-
gitation if the catheter is too close to the mitral valve. In
occasional patients with vigorous ventricular contraction, no
stable midventricular position can be found for the catheter.
The pigtail catheter can then be advanced into continuous
contact with the left ventricular apex (assuming that there is
no evidence of apical aneurysm of mural thrombus) to allow
measurement of left ventricular pressure during stable
rhythm and left ventriculography with the rate of contrast
injection reduced to 10 mL/seconds (see below). 

When the pigtail catheter is rotated in the left ventricle,
it may pass under chordae. This can be suspected if the
catheter shaft passes close to the inferior wall or exhibits an
abrupt kink and can be confirmed if the loop of the pigtail
opens up as the catheter is withdrawn back to the left
ventricular outflow tract. Because the side holes on the
catheter shaft are held in close proximity to the myocardial
wall by the chordae, this position increases the risk of
myocardial staining and should be corrected before ven-
triculography is performed. If repositioning the catheter
would be difficult (as in a patient whose stenotic aortic
valve has just been crossed) and ventriculography is
required, a reduced injection rate should be used as
described above for the Sones catheter.

In the right ventricle (Fig. 12.4), the optimal catheter posi-
tion is the midcavity, provided that repetitive ventricular
ectopy does not occur. If ectopy is uncontrollable, the
catheter may be positioned in the outflow tract, just below
the pulmonic valve. Even here, however, repetitive ventricular
ectopy may present a difficult problem. In our experience,
right ventriculography is often accompanied by frequent ven-
tricular premature beats regardless of catheter position.

INJECTION RATE AND VOLUME

The rapid delivery of an adequate amount of contrast
material requires the use of a power injector. Flow injectors
(most commonly, the device manufactured by Medrad)
allow one to select both the volume and the rate of deliv-
ery of contrast material. Sufficient pressure to deliver the
selected volume of injectate in a selected time is automat-
ically developed, although a maximal pressure limit of
roughly 1,000 psi is set to minimize the risk of catheter
burst. Of course, this high pressure is not actually deliv-
ered to the catheter tip, but is dissipated by frictional
losses in the shaft of the catheter. Some injectors permit
synchronization of the injection of contrast material with
the R wave of the electrocardiogram, so that a set flow rate
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Figure 12.3 An example of a pigtail catheter positioned in the
left ventricular inflow tract for 30° right anterior oblique left ven-
triculography. A. Before the introduction of contrast material. B. At
end-diastole. C. End-systole. Note that this patient has a large
anteroapical aneurysm with dyskinesis during systole.
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is delivered in each of several successive diastolic intervals
(7). Although this technique has been said to lessen the
incidence of ventricular ectopic beats and to minimize the
volume of contrast material required for adequate ventric-
ular opacification, our impression is that it offers no clear
advantage over nonsynchronized methods.

Cine left ventriculography is accomplished using an
injection rate and volume that depend on (a) the type and
size of catheter, (b) the size of the ventricular chamber to be
opacified, (c) the approximate ventricular stroke volume,
and (d) the preventriculography hemodynamics. Different
operators use different catheters and different injection
parameters for left ventricular injection. In most cases per-
formed with pigtail catheters, these parameters are 30 to
36 mL injected at 10 to 12 mL/second (i.e., a 3-second-long
injection). Somewhat higher volume and rate may be used
in patients with a high cardiac output or large ventricular
chamber, and somewhat smaller volumes and rates may be
used in smaller or irritable ventricles. When an end-hole
(e.g., Sones or multipurpose) catheter is used for left ven-
triculography, the rate of injection of contrast material
should not exceed 7 to 10 mL/second to minimize the
chance of recoil and staining. 

In the patient with hemodynamic evidence of severe left
ventricular dysfunction (mean pulmonary capillary wedge
pressure �25 mm Hg), left ventriculography should be per-
formed using a low-osmolar contrast agent. These contrast
agents have substantially improved the safety of left ven-
triculography in patients with depressed myocardial func-
tion, severe coronary artery disease, and/or aortic stenosis, as
discussed in Chapter 2 (8–11). Even so, if filling pressures are
markedly elevated, left ventriculography should be per-
formed only once it has been reduced by the administration
of intravenous nitroglycerin or sodium nitroprusside. With
current radiographic equipment (12), low-osmolar contrast
agents, and techniques using smaller amounts of contrast

material, it is a rare patient who cannot undergo left ven-
triculography safely. But failure to take a severely elevated
preventriculography pulmonary capillary wedge pressure
seriously can lead to disastrous consequences, including
intractable pulmonary edema and even death. In any
patient with increased risk (LV dysfunction, mural throm-
bus, renal insufficiency), one should always ask whether
noninvasive means of assessing left ventricular function (see
below) might not be preferable to contrast ventriculography. 

Before performing a power injection of contrast material,
one should take appropriate precautions in filling and firing
the power injector to prevent air embolism. The injection
syringe is made of siliconized plastic so that the contrast
medium and any air may be easily seen. This syringe is usu-
ally loaded from a contrast bottle through a short U-shaped
straw while the syringe barrel is pointed upward. With the
injector still in the vertical position, 30-inch-long sterile
roentgenography tubing is connected to the syringe, and all
air is expelled from the syringe and tubing by holding the
load switch in the forward position as the operator taps
the syringe and its Luer-Lok connector to discharge all air
bubbles. Alternatively, some laboratories fill the injector by
connecting the sterile roentgenography tubing to the coro-
nary manifold, drawing contrast from that supply (generally
a slower process, more prone to bubble formation).

Only after all of the bubbles have been expelled in the
nose-up position should the injector head be inverted. A
fluid-to-fluid connection is accomplished by touching the
meniscus of blood spurting from the hub of the catheter
to the meniscus of contrast exiting the roentgenography
tubing as the technician slowly advances the syringe
plunger of the injector manually. When the connection is
made, the injector operator stops advancing and begins
retracting the plunger until the interface between contrast
material and blood can be seen in the roentgenography
tubing and verified to be free of air bubbles. Prior to the
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Figure 12.4 Mitral and tricuspid regurgitation. End-diastolic (A) and end-systolic (B) frames from
a left ventriculogram performed in the 30° RAO projection in a patient with normal coronaries and
presumptive AIDS cardiomyopathy, showing enlarged end-diastolic and end-systolic volumes,
reduced ejection fraction of 38%, and 2� mitral regurgitation. Note dye to the enlarged left atrial
volume; the contrast density method underestimated the severity of regurgitation, shown to be
moderately severe by a regurgitant fraction of 36% and transesophageal echo. End-systolic
(C) frame from a right ventriculogram in the same patient performed in the 30° RAO projection
showing 2� tricuspid regurgitation (LA, left atrium; RA, right atrium; PA, pulmonary artery). 
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left ventriculographic run, a test injection of a small amount
of contrast material is often performed under fluoroscopic
visualization to enable the physician to assess catheter and
patient position and confirm that ventricular ectopy does
not occur. If the catheter is repositioned, another test injec-
tion is recommended before the definitive injection.

Prior to performing the angiogram, the physician should
look closely at the injector syringe to confirm that it is filled
with contrast medium, free of air, and oriented in the
desired nose-down direction. He or she should grasp the
catheter at its hub so that the catheter can be pulled back
instantaneously if ventricular extrasystoles, myocardial
staining, or other untoward events develop during injection.
The technician or other individual firing the injector should
be prepared to abort the injection on command from the
physician operator in the event of an untoward occurrence.
If extrasystoles develop, we withdraw the ventriculographic
catheter a distance of approximately 2 to 3 cm slightly after
the first extrasystole, which usually results in a quiet position
for the remainder of the 3- to 4-second contrast injection. 

Instructions to the patient regarding respiration during
contrast ventriculography vary from laboratory to labora-
tory. Previously, imaging systems were often inadequate to
give good definition of the left ventricular silhouette unless
ventriculography was performed during deep inspiration
to move the diaphragm out of the radiographic field. With
modern imaging systems, excellent definition of the ven-
tricular silhouette can be achieved without performing
ventriculography during held deep inspiration. Left ven-

triculography done during normal quiet breathing allows
physiologic interpretation of left ventricular volumes,
angiographic stroke volume, and calculated left ventricular
regurgitant fraction in cases of valvular regurgitation.

FILMING PROJECTION AND TECHNIQUE

Projections should be used that provide maximal delin-
eation of the structure of interest and minimal overlapping
of other structures. The 30° right anterior oblique (RAO)
projection eliminates overlap of the left ventricle and the
vertebral column, allows one to assess anterior, apical, and
inferior segmental wall motion, and places the mitral valve
in profile to provide a reliable assessment of the presence
and severity of mitral regurgitation. The 60° left anterior
oblique (LAO) view allows one to assess ventricular septal
integrity and motion, lateral and posterior segmental func-
tion, and aortic valvular anatomy. To prevent the foreshort-
ening of the left ventricle and visualize the entire length of
the interventricular septum in profile, 15 to 20° cranial
angulation should be added to the 60° LAO view, and the
angiogram should be performed during a sustained deep
inspiration to minimize obstruction by the diaphragm.
This view visualizes a ventricular septal defect and the
associated left-to-right shunting, or the septal bulge and
systolic anterior motion in hypertrophic obstructive car-
diomyopathy, or isolated lateral wall motion abnormali-
ties (Figs. 12.5 and 12.6). For routine left or right ventricu-
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Figure 12.5 Biplane left ventriculo-
gram in a patient with an acute lateral
wall myocardial infarction owing to
occlusion of the circumflex coronary
artery. A. End-diastolic frame in the 30°
RAO projection. B. End-diastolic frame
in the 60° LAO, 15° cranial projection.
C. End-systolic frame in the RAO projec-
tion showing midinferior wall hypokine-
sis and 3� mitral regurgitation. D. End-
systolic frame in the LAO projection
showing akinesis of the lateral wall.
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lography, 30 frames per second using the 9-inch field of
view allows the best temporal and spatial imaging, but
many laboratories now use 15 frames per second for both
ventriculography and coronary angiography to reduce radi-
ation exposure (see Chapter 2). 

If both RAO and LAO ventriculograms are indicated in a
single-plane room, this requires two separate injections. If
available, biplane ventriculography is thus preferable to sin-
gle-plane ventriculography because it allows one to obtain
more information at essentially no additional risk to the
patient. In the patient with coronary artery disease, biplane
left ventriculography provides more information on the
location and severity of segmental wall motion abnormali-
ties than does single plane ventriculography; in the patient
with congenital heart disease biplane right ventriculography
allows one to assess accurately the anatomy of the right ven-
tricular outflow tract, the pulmonic valve, and the proximal

portions of the pulmonary artery. But biplane ventriculogra-
phy has several disadvantages, including (a) the increased
expense of biplane cineangiographic equipment; (b) the
reduced quality of cineangiographic imaging in each plane
owing to radiation scatter caused by the opposite plane; (c)
the additional time required to position the biplane equip-
ment appropriately, especially when the brachial approach
is used; and (d) the additional radiation exposure to person-
nel in the room. In reality, most laboratories have only one
biplane laboratory in their imaging suite, so that almost all
left ventriculograms are done single plane.

ANALYSIS OF THE VENTRICULOGRAM

The left ventriculogram is analyzed both qualitatively
and quantitatively on a normal sinus beat that follows a

Figure 12.6 Various other pathology
seen on left ventriculography. A. Mitral
valve prolapse, with prolapse of a thick-
ened posterior leaflet behind the fornix
(dotted arrow) and mitral regurgitation
in the RAO projection. B. Ventricular
septal defect 3 days post inferior myocar-
dial infarction owing to single-vessel
right coronary occlusion, with contrast
crossing from left to right ventricles in
the LAO-cranial projection. C and D.
Papillary muscle rupture 5 days post
inferior myocardial infarction (diastolic
and systolic frame respectively, showing
dense contrast filling the left atrium
and left atrial appendage (arrow). E.
Pseudoaneurysm (contained myocardial
rupture, arrow) seen several weeks fol-
lowing a lateral wall myocardial infarc-
tion owing to single-vessel circumflex
marginal disease.
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previous normal sinus beat in which the ventricle is well
opacified. Evaluation of ectopic or postectopic beats will
give a false impression of ventricular function. Overall ven-
tricular dysfunction is described as hyperdynamic (�70 %),
normal (50 to 69 %), mildly hypokinetic (35 to 49%),
moderately hypokinetic (20 to 24%), or severely hypoki-
netic (�20%). Regional wall motion can be graded quali-
tatively as normal, hypokinetic, akinetic, or dyskinetic for
each of the segments seen in the right anterior oblique
projection (anterolateral, apical, inferior, posterobasal
segments) and the left anterior oblique projection (basal
septal, apical septal, apical lateral, basal lateral segments).
Quantitative evaluation involves measurement of ejection
fraction (the percent of end-diastolic volume that is ejected
during systole), the absolute end-diastolic and end-systolic
volumes (using the area-length method), and chord-by-
chord local shortening (see Chapters 16 and 17).

The degree of mitral regurgitation can be estimated (on a
scale of 1� to 4�) by examining any systolic leakage of con-
trast from the left ventricle back into the left atrium and the
opacification of the left atrium relative to the left ventricle,
in the right anterior oblique projection (see Chapter 28)
(Figure 12.6). In patients with a markedly enlarged left
atrium from chronic mitral regurgitation, however, the dilu-
tion of the regurgitant contrast jet within this larger left
atrial volume may lead to underestimation of regurgitation
severity by the atrial density scale (Figure 12.4). A more
quantitative method involves a comparison of the angio-
graphic stroke volume (end-diastolic volume minus end-
systolic volume) with the forward stroke volume (cardiac
output divided by heart rate). These should be equal absent
significant left-sided valvular regurgitation, but in patients
with mitral (or aortic) regurgitation the angiographic stroke
volume will be larger than the forward stroke volume (by an
amount equal to the regurgitant volume). The severity of the
regurgitant lesion can then be estimated by calculating the
regurgitant fraction (the regurgitant volume, divided angio-
graphic stroke volume), which indicates the percent of the
volume ejected during each systole goes backwards into the
left atrium rather than forwards into the aorta. Mild (1�)
mitral regurgitation is usually associated with a regurgitant
fraction �30%, moderate (2�) with a regurgitant fraction
30 to 39%, moderately severe (3�) with a regurgitant frac-
tion 40 to 49%, and severe mitral regurgitation with a regur-
gitant fraction �50% (13).

INTERVENTION VENTRICULOGRAPHY

Permanent segmental dysfunction of the left ventricular
wall can be caused by frank infarction, but reversible seg-
mental dysfunction can also be caused by ischemia. This
can be transient with brief ischemia (Fig. 12.7) more pro-
longed with stunning following a longer period of ischemia,
or chronic with hibernation owing to sustained moderate
ischemia, as with a collateralized chronic total occlusion

(14). Several angiographic techniques have been described
to help determine if an asynergic segment of the left ventricle
is infarcted or just ischemic. Segments whose abnormal
wall motion is caused by ischemia generally show improve-
ment in systolic motion, whereas segments whose abnor-
mal wall motion is owing to infarction fail to improve,
using these techniques. 

For example, left ventricular segmental wall motion can
be improved substantially by the administration of cate-
cholamines (15). Two left ventriculograms are performed—
the first in the resting (baseline) state, the second during a
steady state infusion of epinephrine (1 to 4 mg/minute)
or dobutamine (10 to 15 
g/kg per minute). Alternatively,
left ventricular segmental wall dysfunction often can be
improved by administration of nitroglycerin (16), either
by improving collateral blood flow, reducing myocardial
oxygen consumption to match available supply, or simply
reducing the afterload against which the left ventricle
must eject. Left ventricular segmental wall motion can be
influenced by postextrasystolic potentiation (17) when a
single ventricular premature beat is introduced during left
ventriculography and is followed by a potentiated beat.
Segmental wall motion during one of the preceding sinus
beats is compared with that of the postextrasystolic beat
and improvement on the potentiated beat compared with
the preceding sinus beat suggests ischemia rather than
infarction. It is probably unwise, however, to attempt to
induce the ventricular extrasystole by manipulating the
left ventriculographic catheter during the injection of con-
trast material since such manipulation may cause endocar-
dial staining. Segments whose wall motion improves with
intervention generally maintain this level of improvement
after successful surgical revascularization; in contrast, seg-
ments in which contractile function is not influenced are
generally not improved by revascularization. Other inva-
sive (i.e., electromechanical mapping, see below) or non-
invasive techniques for assessing myocardial viability
(delayed thallium, PET, MRI) are more direct, however. 

Other types of intervention ventriculography may be of
use in the patient with chronic left ventricular volume
overload caused by aortic or mitral regurgitation. In the
patient with aortic regurgitation and well-preserved left
ventricular function, angiotensin in a dose sufficient to
increase left ventricular systolic pressure by 20 to 50 mm Hg
causes no change in left ventricular ejection fraction (18).
But if aortic regurgitation has caused a loss of left ventricu-
lar contractile reserve, a similar amount of angiotensin
causes a fall in left ventricular ejection fraction of �0.10.
Thus, left ventriculography during afterload stress may
provide additional information about left ventricular
functional capability. Alternatively, intervention ventricu-
lography using sodium nitroprusside may be used in
patients with mitral regurgitation, aortic regurgitation, or
dilated cardiomyopathy to assess the potential benefit in
hemodynamics and ventricular performance during chronic
vasodilator therapy.
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COMPLICATIONS AND HAZARDS

Although complications of cardiac catheterization and
angiography are discussed in detail in Chapter 3, certain
specific points relevant to ventriculography are presented
here.

Arrhythmias

Ventricular extrasystoles occur frequently during ventricu-
lography and are usually caused by mechanical stimula-
tion of the ventricular endocardium by the catheter or a jet
of contrast agent. Such extrasystoles can usually be elimi-
nated or at least minimized by repositioning the catheter.
Although short runs of ventricular tachycardia occur dur-
ing an occasional ventriculogram, they almost always cease
promptly when the catheter is removed from the ventricle.
Rarely, the ventricular tachycardia caused by ventriculogra-
phy is sustained even after catheter removal. It should be
treated quickly with a bolus of intravenous lidocaine and,
if necessary, direct current countershock. Ventricular fibril-
lation has been reported to be induced by an improperly
grounded power injector (19).

Intramyocardial Injection 
(Endocardial Staining)

The deposition of contrast material within the endo-
cardium and myocardium is usually caused by improper
positioning of the ventriculographic catheter so that it

passes under one of the papillary muscles or so that a side
hole lies firmly against the endocardium. Although a small
endocardial stain usually causes no problem, a large stain
may lead to medically refractory ventricular tachyarrhyth-
mias, including ventricular tachycardia or fibrillation.
Rarely, the power injection of contrast material causes
myocardial perforation, with the resultant leakage of blood
and contrast material into the pericardial space and the
development of cardiac tamponade. This must be treated by
emergency pericardiocentesis and immediate consultation
obtained from a cardiothoracic surgeon (see Chapter 32).

Fascicular Block

Because of the proximity of the anterior fascicle of the left
bundle to the left ventricular outflow tract, transient left ante-
rior fascicular block may occur during retrograde left heart
catheterization. In the patient with underlying right bun-
dle branch block and left posterior fascicular block, com-
plete heart block may occur as the catheter is advanced into
the left ventricle (20). Although temporary pacing is usu-
ally required, catheter-induced fascicular block usually
resolves within 12 to 24 hours. Transient complete left
bundle branch block is an extremely rare complication of
retrograde left heart catheterization (21).

Embolism

The inadvertent injection of air or thrombus probably
poses the greatest risk associated with ventriculography.
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Figure 12.7 Tako-tsubo heart. A 71-year-old woman under extreme emotional stress presented
with anterior ST-segment elevation, elevated creatine phosphokinase isoenzymes, and diffuse akinesis
of the left ventricular apex (including both anterior and inferior aspects), resembling the shape of a
Japanese octopus trap (tako-tsubo; narrow neck and round bottom), despite angiographically normal
coronary arteries. Within 3 weeks, left ventricular function had returned to near normal. The mecha-
nism is believed to be intense sympathetic arteriolar vasoconstriction involving the apical myocardium.
(Case provided by Alan Yeung, M.D., Stanford University. See also Wittstein IS, et al, Neurohumoral
features of myocardial stunning due to sudden emotional stress, N Engl J Med 2005; 352:539–548) 



modification of Simpson’s rule based on analysis of
orthogonal long-axis views. The left ventricular volumes
provided by echocardiography tend to be somewhat small,
and the estimates of mitral regurgitation tend to be some-
what higher than those obtained with contrast ventriculog-
raphy (13,22). Because two-dimensional echocardiography
can be used to determine left ventricular wall thickness, it
is an excellent method for quantitating left ventricular
mass.

Magnetic Resonance Imaging (MRI)
Ventriculography

MRI is another reliable alternative for measuring ventricu-
lar dimensions and evaluating regional wall motion. MRI
images are acquired in a gated fashion throughout the car-
diac cycle, and end-diastolic and end-systolic frames are
identified. Because MRI images can be presented in any
planes, a detailed assessment of regional wall motion can
be accomplished in almost all subjects regardless of body
shape or size. Left ventricular volumes are calculated using
Simpson’s rule (i.e., volume equals � area times slice thick-
ness) in serial short-axis slices through the ventricle or
from a single long-axis loop by applying the area-length
method (as with contrast ventriculography). In general,
MRI provides estimates of left ventricular volumes that are
similar to those obtained with contrast ventriculography
(23,24). As with two-dimensional echocardiography, MRI
provides an accurate quantitation of left ventricular wall
thickness, mass, perfusion, pericardial thickness, and par-
tial information on valve function (Fig. 12.8; 25).

Electromechanical Mapping

Originally developed for electrophysiology, the Biosense
electromechanical mapping catheter uses tip sensors to
measure the relative strength of electromagnetic fields
emitted by three coils positioned under the patient sup-
port, and thereby to calculate the exact position of the
catheter tip in three dimensions (26,27). When the
catheter is placed in contact with the left ventricular endo-
cardium, the unipolar electrogram can be recorded from
multiple locations within the left ventricle. Recording the
motion of the catheter over the cardiac cycle allows calcu-
lation of cardiac volumes (including those at end-diastole
and end-systole), local wall motion, and wall shortening.
Areas of myocardial infarction show poor local shortening
with low unipolar voltage. In contrast, areas with severe
ischemia show reduced local shortening with retained
unipolar voltage. Although more time consuming than con-
trast ventriculography, electromechanical mapping may pro-
vide more detailed assessment of ventricular function, the
potential for recovery after revascularization (28), and a
highly accurate way to deliver local therapies (direct myocar-
dial revascularization, local drug injection, myocardial
replacement therapy) to ischemic areas of the left ventricle.
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The risk of air embolization should be avoidable by good
technique in filling the injector and confirming a bubble-
free hookup as described above. The presence of thrombi
on or within the ventriculographic catheter is minimized
by frequent flushing of the catheter with a solution con-
taining heparin when the ventriculographic catheter is first
introduced and just prior to hooking up for the ventricu-
logram. If there is a suspicion (from noninvasive testing)
of a thrombus in the left ventricular apex, great care
should be taken to position the ventriculographic catheter
in the left ventricular inflow tract, avoiding the apical por-
tion completely, or avoided completely by relying on the
noninvasive evaluation. Partially organized thrombi may
also be dislodged from the left ventricular wall by the
catheter tip or the force of a power injection. Accordingly,
the ventricular angiographic catheter should not be advanced
to the left ventricular apex except under exceptional cir-
cumstances (e.g., suspicion of idiopathic hypertrophic
subaortic stenosis).

Complications of Contrast Material

For 20 to 30 seconds after ventriculography with a high-
osmolar agent, the patient will experience a hot flash
owing to the powerful vasodilation caused by the contrast
material as it distributes throughout the arterial tree (see
Chapter 2). Transient nausea and vomiting may also occur
in 20 to 30% of patients. With current low-osmolar con-
trast agents, these complications are uncommon. With ear-
lier ionic contrast agents, ventriculography produced a
modest fall in systemic arterial pressure, a reflex increase in
heart rate, and a transient depression of left ventricular
contractility that resolved within 1 to 2 minutes.

ALTERNATIVES TO CONTRAST
VENTRICULOGRAPHY

Echocardiographic Visualization 
of the Left Ventricle 

Two-dimensional echocardiography may be used as an
alternative to contrast ventriculography to assess global
and regional left ventricular performance. Echocardiography
is noninvasive, does not require exposure to radiation, and
does not add to the contrast load of coronary angiography
in patients at high risk for contrast-induced renal dysfunc-
tion. In a few subjects, echocardiography may fail to provide
adequate images owing to extreme obesity or an increased
anteroposterior chest dimension unless a transesophageal
study is performed. In most patients, however, adequate
images of the left ventricle can be acquired in multiple
short- and long-axis planes to evaluate segmental and global
left ventricular function as well as the degree of mitral regur-
gitation. Two-dimensional echocardiographic imaging also
allows determination of left ventricular volumes using a
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Electrical Conductance Catheter

If a multielectrode catheter is positioned along the long
axis of the left ventricle (from the aortic valve to the apex)
and current is passed between the proximal and distal-
most electrodes, the voltage difference between pairs of
interposed electrodes will reflect the local conductance
and thus the regional blood volume (Fig. 12.9; see also
Chapter 16). In actuality, this needs to be corrected for the
parallel conductance of the surrounding myocardium by
subtracting a correction volume determined by comparing
the conductance-calculated stroke volume to the actual
stroke volume. A second correction factor to the slope of
the relationship between calculated conductance and actual
volume is determined by monitoring the signal as 5 mL of

10% saline is injected into the pulmonary artery and
passes through the left ventricle. The main application of
conductance volume measurements includes monitoring
of instantaneous pressure–volume loops in response to
various drugs or interventions, and the recording of serial
pressure–volume loops during balloon occlusion of the
inferior vena cava allows a clinical definition of the end-
systolic pressure–volume relationship as a measure of left
ventricular function (29). This technique can also be used
in the right ventricle or aorta to measure serial volume
changes and compares favorably with echocardiographic,
magnetic resonance, or nuclear methods (30). An FDA-
approved catheter and system for ventricular conductance
measurements are available from CD Leycom, Zoetermeer,
NL (see www.cardiodynamics.nl).
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Figure 12.8 Frames from a magnetic resonance (MR) ventriculogram in end-diastole (A) and end-
systole (B) in a patient with aortic stenosis, left ventricular hypertrophy, and preserved ejection frac-
tion. MR and echo assessments of ventricular function should be used liberally in lieu of contrast ven-
triculography in patients with hemodynamic instability, mural thrombus, or limited contrast
tolerance.

Figure 12.9 A left ventricular conductance (or impedance) catheter is shown in position along the
left ventricular long axis, with calculated segmental volumes between each intervening electrode
pair summed to provide the total instantaneous ventricular volume.
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Although right heart catheterization was first described in
1929 (1), angiographic visualization of the pulmonary
arteries was not performed until 1938 (2). Pulmonary
angiography was performed initially using a nonselective
technique (by intravenous injection of contrast material),
to avoid venous cutdown, catheter manipulation, and fluo-
roscopy. Selective pulmonary arteriography recorded on
serial cut films was then introduced by Sasahara and col-
leagues in 1964 (3). The basic objective remains visualiza-
tion of the lumen of the main and branch pulmonary
arteries, and current practice reflects advances in catheter
design, the development of rapid digital imaging equip-
ment, and the availability of safer radiographic contrast
agents (see also Chapter 2). 

Pulmonary angiography remains the gold standard
technique for diagnosing pulmonary embolism and is also
indicated for evaluating a variety of congenital and
acquired diseases, such as pulmonary arteriovenous mal-
formation, pulmonary artery stenosis and aneurysm, pul-
monary vein stenosis, anomalous pulmonary venous
return, pulmonary artery neoplasm, inflammation, and
hemorrhage. Although the frequency of diagnostic pul-
monary angiography has declined over the past decade as
contemporary noninvasive imaging techniques, including
multislice computed tomography (CT) and magnetic reso-
nance (MR) imaging, have reached competitive diagnostic
accuracy for diseases involving the pulmonary vasculature,
there has been a recent resurgence as various catheter inter-
ventions on the pulmonary circulation, including balloon
angioplasty with or without stent placement, mechanical

embolectomy, embolization, or foreign body retrieval,
have been introduced (4). Although this procedure still
remains largely the province of radiologists in many cen-
ters, invasive cardiologists should thus have a basic under-
standing of its technical aspects.

ANATOMY 

The main pulmonary artery arises from the conus of the
right ventricle, first anterior and then left of the aorta. It
progresses 4 to 5 cm in a posteromedial direction before it
bifurcates into the right and left pulmonary arteries. 

The right pulmonary artery courses horizontally in the
mediastinum, passing anterior to the right mainstem
bronchus and posterior to the ascending aorta and supe-
rior vena cava. The right upper lobe branch (truncus
anterior) arises within the mediastinum before reaching
the right hilum and divides further into the three seg-
mental upper lobe arteries (Fig. 13.1). The remainder of
the right pulmonary artery continues as pars interlobaris
until the origin of the middle lobe and upper lobe seg-
mental arteries. From this point, the artery continues as
pars basalis and gives rise to four segmental arteries of
the lower lobe. 

The smaller left pulmonary artery is a direct posterior
continuation of the main pulmonary artery, crossing over
the left mainstem bronchus before passing posterior to the
bronchus as the pars superior. Thus, the proximal portion
of the left pulmonary artery is foreshortened in a frontal
view and is best seen in a left anterior oblique or lateral
view. There is no large upper lobe branch, but a variable
number of small segmental arteries supplying the left
upper lobe originate from the outer aspect of the pars

a Drs. Lorraine K. Skibo and Lewis Wexler were authors of this chapter
in the prior editions.



(Fig. 13.2), as resolved on conventional nuclear pul-
monary scans.

The segmental pulmonary veins are variable within the
lung parenchyma. Ultimately, however, they form a supe-
rior and an inferior vein on each side before they enter the
left atrium. The left veins, however, may merge to form a
common vein within the pericardium (5).

PROCEDURE

Hemodynamic Measurements

Patients who need pulmonary angiography are often
acutely ill and may require continuous blood pressure
measurements and electrocardiographic monitoring.
Sinus bradycardia or heart block may occur as vascular
access is gained. Complete heart block during right heart
catheterization can also occur owing to impact of the
right bundle branch in patients with underlying left
bundle branch block, necessitating temporary pacing.
Transient supraventricular and ventricular arrhythmias
are also common during catheter advancement through
the right heart chambers, and sustained tachyarrhythmias
with hemodynamic impairment may necessitate electrical
cardioversion. 

An important part of the procedure is formal hemody-
namic measurements (both pressures and oxygen satura-
tion) during catheter advancement. The coronary sinus is
occasionally entered while trying to access the right ven-
tricular outflow tract (particularly from subclavian, jugular,
or brachial access route). To minimize the risk of perfora-
tion, catheter advancement should be halted if a right
atrial pressure wave form continues to be present as the
catheter is advanced across the spine into what should
fluoroscopically be the right ventricle. Catheter position
in the coronary sinus may be confirmed or excluded by
using a right anterior oblique or left lateral view, with-
drawal of desaturated blood (saturation approximately
20%), or a gentle contrast injection through the catheter.
Damping of the pressure in the main pulmonary artery
may indicate the presence of massive pulmonary embolism
(PE), with the catheter holes embedded in the embolus. In
that situation, a hand injection of contrast can confirm
the diagnosis.

The formal hemodynamics prior to angiography (Table
13.1) may also suggest the presence of congestive heart
failure, valvular disease, intracardiac shunts, pulmonary
hypertension, or pericardial disease. Severe hemodynamic
embarrassment may also require modification of the angio-
graphic procedure, including catheter selection and place-
ment, injection rates, and image recording modes. In partic-
ular, complications of pulmonary angiography are more
common in patients with pulmonary hypertension (partic-
ularly in the presence of right ventricular dysfunction) man-
dating special precautions such as supplemental oxygen,
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superior. The pars interlobaris and basalis give rise to two
lingular and four lower lobe segmental arteries.

Within the lung, the vessels branch in either a bifurca-
tional (two branches of similar size) or collateral (one
small branch at a 30 to 80° angle, and a larger branch of
similar size as the parent) pattern. The lobar and segmen-
tal branching is remarkably variable, and there are many
supernumerary branches that outnumber conventional
branches and penetrate the lung directly (5). Each seg-
mental artery supplies a pulmonary perfusion segment

Figure 13.1 Segmental pulmonary arterial anatomy. Right lung,
right anterior oblique view (1) and left anterior oblique view (2). A,
right middle lobe medial segmental artery; B, right lower lobe
anterior basal segmental artery; C, right lower lobe lateral basal
segmental artery; D, right lower lobe posterior basal segmental
artery; E, right lower lobe medial basal segmental artery; F, right
middle lobe lateral segmental artery; G, right lower lobe superior
segmental artery; H, right upper lobe posterior segmental artery;
I, right apical segmental artery; J, right upper lobe anterior seg-
mental artery. Left lung, right anterior oblique view (3) and left
anterior oblique view (4). A, lingula, inferior segmental artery; B,
left lower lobe anteromedial basal segmental artery; C, left lower
lobe lateral basal segmental artery; D, left lower lobe posterior
basal segmental artery; E, left upper lobe anterior segmental
artery; F, lingula, superior segmental artery; G, left lower lobe
superior segmental artery; H, left upper lobe apical-posterior seg-
mental artery. (Reprinted with permission from Kandarpa K, ed.
Handbook of Cardiovascular and Interventional Radiology, Little
Brown and Company, 1988)
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reduced amounts of contrast agent, or superselective rather
than mainstream pulmonary artery injections (6). 

Venous Access

The right common femoral vein is the preferred venous
access site, because it provides a relatively straight course
to the inferior vena cava and right heart. In patients with
suspected proximal deep vein thrombosis, ultrasound
examination may be considered prior to vascular entry. In
some patients, vascular access via the left femoral vein is
precluded owing to an abrupt angle of the left iliac vein
with the inferior vena cava. To minimize the risk of dis-
lodging thrombi during catheter advancement (7), man-
ual injection of 10 to 15 mL of contrast into the femoral
vein may help to exclude massive iliac or caval vein
thrombosis prior to advancing the catheter to the right
heart.

Upper extremity venous access may be used in patients
with proximal lower extremity deep vein thrombosis, infe-
rior vena cava thrombosis, or groin infection. The right

Figure 13.2 Pulmonary artery perfusion seg-
ments. Top. Left posterior oblique (LPO), posterior,
and right posterior oblique (RPO) views. Center.
Right anterior oblique (RAO), anterior, and left
anterior oblique (LAO) views. Bottom. Right and
left lateral views. Left lung, upper lobe: S1�2, api-
cal posterior; S3, anterior; S4, superior lingular; S5,
inferior lingular. Left lung, lower lobe: S6, superior;
S8, anterior medial basal; S9, lateral basal; S10,
posterior basal. Right lung, upper lobe: S1, apical;
S2, posterior; S3, anterior. Right lung, middle lobe:
S4, lateral; S5, medial. Right lung, lower lobe: S6,
superior; S7, medial basal; S8, anterior basal; S9,
lateral basal; S10, posterior basal. 

HEMODYNAMIC MEASUREMENTS 
(NORMAL RANGES)

TABLE 13.1

Right atrial pressure, mm Hg Mean 8–10
A wave 2–10
V wave 2–10

Right ventricular pressure, mm Hg Systolic 15–30
End-diastolic 0–8

Pulmonary artery pressure, mm Hg Mean 10–20
Systolic 15–30
End-diastolic 3–12

Pulmonary capillary wedge Mean 5–12
pressure, mm Hg A wave 3–15

V wave 3–12
Arteriovenous oxygen 30–50

difference, mL/L
Cardiac output, L/min 4.0–8.0
Cardiac index, L/min per m2 2.6–4.6
Pulmonary vascular resistance,* 0.7–1.1

Wood units 

* Mean pulmonary artery pressure � pulmonary capillary wedge
pressure)/cardiac output.



Chapter 13: Pulmonary Angiography 237

heart may be approached easily with a balloon-directed
catheter when gaining vascular access via the internal jugu-
lar vein (8; Chapter 4). The basilic vein at the antecubital
fossa can also provide adequate access, but the cephalic
vein is not suitable since it enters the axillary vein at an
abrupt angle.

Catheterization Techniques

Most catheters used for diagnostic pulmonary angiography
are between 5F and 7F to provide a lumen that will accom-
modate contrast injection rates of 20 to 25 mL/second. A 4F
nylon pulmonary catheter allows flow rates of 20 mL/second
at 1,050 psi (9) and may reduce access site complications.
Recognizing that there are many techniques for selectively
catheterizing the right and left pulmonary arteries, we
describe three common approaches in Fig. 13.3. The pres-
ence of a properly placed inferior vena caval filter does
not necessarily preclude a transfemoral approach. Safe
transfilter angiography has been reported by passing
straight or J-tipped guidewires followed by catheters
through stainless steel Greenfield, Vena-Tech, and Bird’s

Nest filters (10). It is important to insert and withdraw
catheters only while they are straightened over a wire to
minimize the likelihood of the catheter hooking onto
the filter. During interventional procedures that involve
multiple catheter exchanges, a long sheath may be placed
with its leading tip beyond the filter.

Catheters for pulmonary arteriography are of two basic
designs. The pigtail type catheters have multiple side holes
whereas the curled catheter tip allows safe passage through
the right heart. The pulmonary pigtail should be tighter
than that used in the left heart (i.e., �1 cm in diameter) to
permit use of the same catheter for subselective injections.
All pigtail catheters must be removed from the pulmonary
arteries only after straightening with a floppy-tip guidewire
under fluoroscopic observation, since the catheter tip may
otherwise engage a papillary muscle, chordae tendineae, or
tricuspid valve leaflet during withdrawal. In contrast, the
balloon-tipped catheters are assisted by blood flow
through the right heart chambers and into the pulmonary
arteries. Side holes in the catheter shaft then allow power
injection in the main branches while the catheter end-hole
makes balloon occlusion angiography possible with the

Figure 13.3 Techniques for pulmonary artery catheterization. A. Straight body pigtail catheter
and tip-deflecting wire. The pigtail catheter is placed in the right atrium (1). The wire is deflected to
point toward the right ventricle (2). The wire is fixed, and the catheter is advanced over it into the
right ventricle (3). The tip deflection is released (4). Counterclockwise rotation of the catheter swings
the pigtail anteriorly (5). Simultaneous advancement of the catheter places it into the main pul-
monary artery. Advancing the catheter farther usually takes it into the left main pulmonary artery.
The tip-deflecting wire is used to direct the catheter downward and to the right for right main pul-
monary artery catheterization. B. Grollman pulmonary artery catheter. The pigtail catheter is placed
in the right atrium (1). The anteromedial portion of the right atrium is probed to facilitate catheter
entry into the right ventricle (2). The catheter is then slightly withdrawn and rotated counterclock-
wise to allow entry into the right ventricular outflow tract and main pulmonary artery (3). C. Balloon-
tipped catheter. The balloon is inflated under fluoroscopic guidance in the common iliac vein, and
the catheter is advanced under observation into the right atrium (1). The catheter is then rotated
anteromedially to facilitate direct entry into the right ventricle (2). As soon the tricuspid valve is
passed, documented by a right ventricular pressure waveform, the catheter is rotated to point the
balloon tip cranially toward the right ventricular outflow tract before advancing it farther (3). Deep
inspiration of the patient may facilitate flow-directed entry of the balloon tip from the outflow tract
into the main pulmonary artery, with a preference to enter the left pulmonary artery. 
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same catheter (Fig. 13.4). Balloon catheters are first deflated
and can then be removed without fluoroscopy.

The most common pigtail catheter is the Grollman pul-
monary artery catheter (Cook Inc., Bloomington, IN). This
6.7F polyethylene catheter has a 90	 reversed secondary
curve 3 cm proximal to the pigtail (Fig. 13.4; 11). It can be
advanced easily into virtually any segmental artery with a
low risk of the pigtail getting caught in the trabeculated
right ventricle. If the catheter tip becomes stuck in the
right ventricular outflow tract, having the patient take a
deep breath may help straighten the soft catheter shaft
and allow passage into the main pulmonary artery. If
this maneuver is not successful, use of a soft-tipped
J guidewire may facilitate catheter entry into the main pul-
monary artery, but care with extruding any wire in the
right ventricle is in order to avoid perforation. In challeng-
ing cases, the pulmonary artery can be catheterized using a
conventional large-lumen balloon flotation catheter, with
placement of an exchange-length J-tipped guidewire in

the pulmonary artery, and subsequent advancement of the
angiographic pigtail over that wire. 

In patients with right atrial enlargement, the right ven-
tricle may be difficult to probe with the standard Grollman
catheter because the distal end of the catheter may be too
short to allow direct passage. In this case, the 90	 angle of
the distal tip may be increased by introducing a manually
bent proximal end of a guidewire (12). The van Aman
catheter is a 7F polyurethane modified Grollman catheter
with a 90	 reversed secondary curve 6 cm (rather than
3 cm) proximal to the pigtail and has been successfully
used for pulmonary artery catheterization in patients with
right heart enlargement (13). 

The 7F Berman balloon catheter (Critikon Inc., Tampa,
FL) has no end-hole, can therefore not be used with a
guidewire, and requires introduction through a venous
sheath. From the jugular or brachial approach, the catheter
follows a continuous curve through the outflow tract and
into the right pulmonary artery. The right pulmonary artery
may be catheterized from below by using a reverse curve in
which the Berman catheter is curved against the lateral right
atrial wall before crossing the tricuspid valve, so that it
enters the right ventricle pointing up as though it were com-
ing from above. This approach is particularly helpful in the
presence of tricuspid regurgitation, since the right atrial
catheter loop provides more backup when advancing the
catheter than seen with direct transit of the tricuspid valve
from below. Catheterization of the left pulmonary artery is
frequently more difficult, and may require the use of deflec-
tion guidewires into the angiographic catheter if standard
attempts at catheter manipulation are unsuccessful.

Preferred catheters for the brachial approach include
a 5F nonreversed Grollman catheter or a 5F multiple-
bend pigtail catheter (Cordis Corp., Miami, FL; 14,15).
Direct catheter entry into the right ventricle may be diffi-
cult using the brachial approach. Looping the catheter
around the right atrial free wall, counterclockwise rota-
tion, and gentle retraction are necessary to probe the
right ventricle. 

Contrast Agents and Injection Rates

Low-osmolar contrast agents with an iodine concentration
of at least 300 
g/L are recommended for pulmonary
angiography (see Chapter 2). The reduction in cough reflex,
flushing, hypotension, and nausea with these nonionic
agents promotes motion-free image acquisition (16).

In vitro activation of platelets has been reported with the
low-osmolar agents iohexol and iopamidol (17). One study
found increased plasma levels of plasminogen activator
inhibitor-1 in patients following pulmonary angiography
with iohexol and increased thrombin-antithrombin III
complexes with iohexol and ioxaglate (18). Newer isos-
molar nonionic agents have not been tested in patients
undergoing pulmonary angiography, but the isosmolar
nonionic dimer iodixanol appears to reduce major

Figure 13.4 Catheters for pulmonary angiography. Left to
right. Nyman, Grollman, and straight pigtail catheters (Eppendorf
type), and the balloon occlusion catheter with side holes distal to
the balloon (Berman type).



their pixels shifted to best match the anatomy. In addition,
DSA may even allow satisfactory opacification of pulmonary
arteries when contrast is injected into the superior vena cava
or right atrium. The major disadvantage of DSA is the
requirement for motionless image acquisition. This may be
especially difficult in the evaluation of patients with severe
cardiopulmonary symptoms, who may not be able to hold
their breath during image acquisition. Mask shifting helps
minimizing cardiac motion artifacts but is less helpful in
reducing respiratory motion artifacts. But although serial
cut film still has greater spatial resolution than cineradiog-
raphy or DSA, there is no evidence that DSA is inferior to
serial cut film in the detection of subsegmental PE.

Filming rates are based on the normal transit of contrast
through the lung. Injected contrast reaches the capillaries
in 2 to 3 seconds while the left atrium fills in 4 to 6 sec-
onds (25). With cut film, a total of 12 images are usually
obtained: 3 per second in 3 seconds, and 1 per second for
an additional 6 seconds. With digital systems, a full second
of mask images are obtained before injection (about one
cardiac cycle), with ongoing acquisition at six images per
second. Higher rates may be used in uncooperative patients,
in large individuals, or in situations where high flow is
expected (for example in pulmonary arteriovenous malfor-
mations). Slower acquisition rates are recommended for
patients with low cardiac output.

A minimum of two radiographic series are required
for each lung to exclude pulmonary embolism. The two
standard views are the frontal and 45	 ipsilateral posterior
oblique view. These views have been validated for pul-
monary embolism in a large clinical trial (26). If it is avail-
able, biplane filming is preferred over monoplane filming
to reduce the total amount of contrast. Although the lat-
eral is the true orthogonal view to the frontal projection,
it is not desirable for most cases of pulmonary angiogra-
phy, since even selective right or left injections frequently
cause reflux into the opposite lung that may confuse
interpretation. If a sufficient amount of contrast (40 to
50 mL) is injected and prolonged filming is carried out,
the lateral and oblique views may also be used to evalu-
ate left ventricular size and function as well as the
anatomy of the ascending aorta or proximal coronary
arteries.

Complications and Contraindications

Major complications can be defined as those that are life
threatening or require intervention or intensive monitor-
ing. Minor complications can be defined as those that
regress spontaneously without long-term morbidity, even
if patients require prolonged monitoring. The complica-
tions seen during the Prospective Investigation of Pulmonary
Embolism Diagnosis (PIOPED; 26) study were tabulated
according to these definitions (Table 13.3). Of note, the
study involved injecting high-osmolar ionic contrast
through pigtail catheters with images recorded on cut film. 
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adverse cardiovascular events compared with low-osmo-
lar ionic contrast in patients with acute coronary syn-
dromes who undergo percutaneous coronary interven-
tion (19). Compared with iohexol, iodixanol also
reduced contrast nephropathy in patients undergoing
coronary or aortofemoral angiography (20). 

The contrast injection rate is determined by the rate of
blood flow in the selected vessel, pulmonary artery pres-
sure, imaging modes, and the catheter used for angiogra-
phy. Less contrast is necessary for digital imaging tech-
niques to obtain adequate diagnostic-quality opacification
of segmental and subsegmental arteries (Table 13.2). As
smaller vessels are selected for the injection site, the rate
and volume are decreased accordingly. Contrast injection
should be performed using an automated injector system
at a pressure of 600 psi (42 kg/cm2). For balloon occlusion
angiography of segmental vessels, a hand injection of 5 to
10 mL is used. In the presence of pulmonary hypertension,
the amount of contrast should be reduced to minimize the
adverse hemodynamic impact that may be seen with full
contrast injection under those circumstances (21). 

Imaging Modes 

Digital techniques have virtually replaced conventional cut
films. Hagspiel et al. (22) found digital subtraction angiog-
raphy (DSA) with selective pulmonary arterial injections
equivalent to conventional cut-film angiography in diag-
nostic performance and image quality. In 80 patients, DSA
allowed more accurate detection of pulmonary emboli
with better interobserver agreement than conventional cut
film (23). In 54 patients with suspected PE but a negative
digital angiogram, none suffered a thromboembolic event
after a mean of 12 months (24). 

The major advantage of DSA over cut film is that less
contrast agent is required to obtain high-resolution images.
This is particularly important for evaluation of patients with
pulmonary hypertension and renal insufficiency. Other
advantages include rapid image acquisition and flexible dis-
play format. Images can be viewed individually or in cine
format on the monitor, in either their subtracted or unsub-
tracted mode. Masks can be selected image by image and

SUGGESTED CONTRAST INJECTION RATES
(INJECTED OVER 2 SECONDS)

TABLE 13.2

Injection Site Cut Film DSA

Right atrium pulmonary mainstem 40–50 mL 30–40 mL
Right/left main pulmonary artery 30–40 mL 20–30 mL
Lobar pulmonary arteries 20–30 mL 20 mL
Segmental pulmonary arteries 10–15 mL 5–10 mL

DSA, digital subtraction angiography.
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Three of the five deaths reported by Stein and col-
leagues may have been owing to severe baseline car-
diopulmonary compromise rather than catheterization or
angiography (26). In one study, three deaths occurred in
the presence of a right ventricular end-diastolic pressure
�20 mm Hg (7). 

Unlike previous large series, no myocardial perforations
occurred in PIOPED, attributed to the exclusive use of
pigtail type rather than straight catheters, such as the
Eppendorf. Renal failure and insufficiency occurred in the
PIOPED group in 0.3% and 1.0%, respectively, more often
in elderly patients (26). 

There are no absolute contraindications to pulmonary
angiography, although risk clearly increases with severe
pulmonary hypertension, allergy to iodine contrast, renal
insufficiency, left bundle branch block, or severe congestive
heart failure (21). With the use of nonionic, low-osmolar
contrast and prophylactic oxygen administration, these
risks may be reduced (27). In patients with a history of
anaphylactoid reaction to intravenous contrast, we advise
use of preprocedural corticosteroids and nonionic low-
osmolar contrast agents. 

PULMONARY EMBOLISM

The annual incidence of venous thromboembolism—deep
vein thrombosis and pulmonary embolism (PE)—exceeds
1 per 1,000 (28). The main cause of early death is acute

right ventricular failure, although most deaths beyond
30 days are owing to underlying disease (e.g., cancer, con-
gestive heart failure, or chronic lung disease; 29). The over-
all 3-month mortality is approximately 15% (30). 

Diagnosis

PE may not be suspected, because it can mimic a wide
spectrum of medical diseases. Common differential diag-
noses are thus chronic lung disease, congestive heart fail-
ure, pneumonia, acute myocardial infarction, aortic dissec-
tion, pericarditis, cancer, pneumothorax, musculoskeletal
pain, and anxiety states. The most common symptoms
include dyspnea, chest pain, cough, and hemoptysis.
Pleuritic pain is most often present in patients with seg-
mental PE. The presence of syncope and severe painless
dyspnea usually indicate a hemodynamically significant
PE, particularly when accompanied by tachycardia and
tachypnea. Clinical signs of right ventricular dysfunction
may include distended neck veins, an accentuated pul-
monic component of the second heart sound, or a right
ventricular heave. Occasionally, the murmur of tricuspid
regurgitation may be present.

Assessment of the clinical pretest probability helps improve
the diagnostic accuracy of any test in patients with sus-
pected PE. Wells and coworkers (31) have prospectively
tested a bedside assessment to estimate this probability
based on signs or symptoms of deep vein thrombosis
(DVT) (3 score points), no alternative diagnosis is more
likely than PE (3 score points), a heart rate �100 beats per
minute (1.5 score points), immobilization or surgery within
4 weeks (1.5 score points), a history of DVT or PE (1.5
score points), hemoptysis (1.0 score points), and cancer
(1.0 score point). A score �4.0 using this schema makes
the presence of PE unlikely. 

Nonimaging Tests

Electrocardiography
The ECG will exclude acute ST-segment elevation
myocardial infarction and may help establish the diagno-
sis of PE in the presence of a classic S1Q3T3 pattern,
incomplete or complete right bundle branch block, right
axis deviation, or clockwise rotation in the precordial
leads. The Qr pattern in V1 and inverted T waves in the
anterior precordial leads indicate hemodynamically sig-
nificant PE with an increased risk for adverse clinical
events (32).

D-Dimer
D-dimer is a specific proteolytic degradation product
of cross-linked fibrin via endogenous fibrinolysis. In a
pulmonary angiography study, a plasma D-dimer of
�500 ng/m (performed with quantitative enzyme-linked
immunosorbent assay [ELISA]) had a �90% negative

COMPLICATIONS OF PULMONARY
ANGIOGRAPHY IN THE PIOPED STUDY 
(N � 1,111)

TABLE 13.3

Major
Death 5 (0.5%)
CPR, ventilation 4 (0.4%)
Renal failure (dialysis) 3 (0.3%)
Hematoma (2-unit transfusion) 2 (0.2%)

Total 14 (1.3%)

Minor
Respiratory distress 4 (0.4%)
Renal dysfunction 10 (0.9%)
Angina 2 (0.2%)
Hypotension 2 (0.2%)
Pulmonary congestion 4 (0.4%)
Urticaria, itching, or periorbital edema 16 (1.4%)
Hematoma 9 (0.81%)
Arrhythmia 6 (0.54%)
Subintimal contrast (dissection) 4 (0.4%)
Narcotic overdose 1 (0.1%)
Nausea and vomiting 1 (0.1%)
Right bundle branch block 1 (0.1%)

Total 60 (5.4%)

From Baum S, ed. Abrams Angiography. Boston: Little, Brown and Co,
1997.
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predictive value for excluding PE (33). In another study,
the negative predictive value was 99.6%, whereas in an
overview the ELISA D-dimer test had a sensitivity of 94%,
suggesting that fewer imaging studies may be required in
patients with negative D-dimer measurements (34). The
specificity of the D-dimer test, however, was only 45% in
outpatients with suspected PE (35). Owing to this very low
specificity, the D-dimer measurement is not very useful in
hospitalized patients with suspected PE, being best suited
for the Emergency Department or office setting.

Arterial Blood Gas Analysis
Arterial blood gases (36) and alveolar-arterial oxygen gra-
dients (37) are not helpful in differentiating patients with
confirmed or excluded PE by pulmonary angiography.
Therefore, arterial blood gases should not be obtained as a
screening test, absent respiratory compromise. 

Noninvasive Imaging Tests

Ventilation Perfusion Scanning
Lung scanning has been the principal imaging test for
suspected PE. However, an increasing number of hospitals
obtain lung scans only in patients with allergy to radi-
ographic contrast agents, severe renal insufficiency, or

pregnancy. Normal and high-probability lung scans are
themselves diagnostic. However, most patients with sus-
pected PE have ventilation perfusion scan results that are
nondiagnostic (low or intermediate or indeterminate prob-
ability scans). The diagnostic accuracy may be improved
when scans are interpreted in conjunction with clinical
pretest probability (38), but additional imaging studies are
usually required.

Contrast-Enhanced Chest Computed Tomography
Chest CT has virtually replaced lung scanning as the ini-
tial imaging test for PE (39). The latest generation of
multidetector CT scanners (Fig. 13.5) permits image
acquisition of the entire chest with 1-mm resolution and
a single breath hold of less than 10 seconds, enabling
accurate imaging of the complete pulmonary vascula-
ture. At the same time, the deep veins can be examined
for proximal DVT by obtaining additional images from
the pelvic and femoropopliteal region. Chest CT also
helps detect alternative diagnoses, such as aortic dissec-
tion, pneumonia, or pericardial tamponade. Compared
with first-generation single-slice scanners, the sensitivity
of multirow detector CT increases from about 70% to
�90% (40,41). The ongoing PIOPED II study compares
various imaging strategies, including lung scanning, venous
ultrasound, digital subtraction pulmonary angiography,

Figure 13.5 Contrast enhanced multirow
(16-slice) detector chest CT in a patient with
acute pulmonary embolism. In the coronal
reconstructed view, multiple segmental
emboli can be visualized (arrows). (Figure
kindly provided by Joseph Schoepf, MD,
Department of Radiology, Brigham and
Women’s Hospital, Boston, MA.)
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and contrast venography against multirow detector chest
CT (42). 

In patients with confirmed PE, chest CT may also pro-
vide prognostic information in the presence of right ven-
tricular enlargement if identified in a reconstructed CT
four-chamber view. In a study of 63 patients with PE, a
ratio of right to left ventricular dimension �0.9 identified
patients at risk for adverse clinical events (43).

Gadolinium-Enhanced Magnetic 
Resonance Angiography
MR imaging avoids ionizing radiation or iodinated con-
trast agents and also allows assessment of left and right
ventricular function and size, potentially important for risk
stratification. Under specialized study circumstances, MR
may be nearly as sensitive and specific as pulmonary
angiography for PE (44). Limitations include restricted
spatial resolution for evaluation of peripheral pulmonary
arteries, limited round-the-clock availability, prolonged
examination time, and difficulties monitoring severely ill
patients in the scanner. 

Venous Ultrasonography
Compression ultrasound of the deep veins is noninvasive
and accurate in diagnosing symptomatic proximal DVT. If
it confirms DVT in patients with symptoms suggestive of
PE, the diagnosis can be made without further workup.
However, more than half of the PE patients have no ultra-
sound evidence of DVT because the entire clot has already
embolized to the lungs. Therefore, patients suspected of PE
who have no evidence of DVT still require further investi-
gation for PE.

Contrast Venography
Conventional venography is highly accurate for proximal
and distal DVT but may provoke phlebitis or hypersensitiv-
ity reactions. Although contrast venography is the gold
standard for DVT diagnosis, it is rarely performed in
patients with suspected PE. Venography is required for
catheter-directed thrombolysis, catheter embolectomy, per-
cutaneous angioplasty, or insertion of an inferior vena
caval filter. 

Echocardiography
Transthoracic echocardiography has emerged as an impor-
tant tool for risk stratification of patients with acute PE.
The presence of right ventricular dysfunction on the
echocardiogram is an independent predictor of early death
(30), but echocardiography cannot be recommended to
diagnose or exclude PE routinely because it is normal in
about half of the patients with confirmed PE (45).
However, bedside echocardiography facilitates discrimina-
tion of patients suspected of having either PE or cardio-
genic shock. Potentially life-saving therapy, including
thrombolysis, catheter intervention, or surgical embolec-
tomy, can be initiated based on echocardiographic evidence

of right ventricular dysfunction without necessarily obtain-
ing time-consuming PE imaging tests (46). Transesophageal
echocardiography helps visualize clots within the left
and right main pulmonary arteries and is an alternative to
the transthoracic approach for patients with poor image
quality (47).

Overall Diagnostic Strategy
The initial assessment includes clinical pretest probability,
physical examination, and an ECG. A plasma ELISA 
D-dimer should be obtained in all outpatients (Fig. 13.6).
If the D-dimer is normal, PE is essentially excluded (48). If
D-dimer levels are elevated, we recommend a chest CT as
the initial imaging test (Fig. 13.6). In patients with renal
insufficiency, pregnancy, or allergy to contrast agents, ven-
tilation perfusion scanning may be used instead of chest
CT. If the clinical suspicion remains high after a negative or
indeterminate chest CT or lung scan, we recommend
obtaining a venous ultrasound study. If the ultrasound
study is negative or equivocal, we recommend proceeding
to pulmonary angiography. This strategy is safe and only
rarely requires pulmonary angiography (48). 

Interpretation and Validity of Pulmonary
Angiograms

Large cut-film angiographic studies have validated the
angiographic criteria for acute PE (26,49,50). Primary
angiographic criteria are persistent central or marginal intra-
luminal radiolucency and the trailing edge of an intraluminal
radiolucency obstructive to contrast flow (Fig. 13.7). Complete
obstruction showing abrupt vessel cutoff with a concave

Figure 13.6 Suggested diagnostic strategy for patients with
suspected pulmonary embolism without cardiogenic shock. VQ,
ventilation perfusion. 
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border of the contrast column is also considered primary
evidence of acute PE (Fig. 13.8; 48). These criteria have
also been validated for DSA (12,13,51). Secondary signs
include oligemic or avascular regions, focal prolonged
arterial phase, abruptly tapered peripheral vessels, or
focal diminished venous flow. The latter signs have not
been validated for PE and should be interpreted with
caution.

In PIOPED (26), 35% had positive and 61% had neg-
ative pulmonary angiograms for PE. Angiography was
nondiagnostic in 3% patients and was not completed in
1% because of complications. Two angiographic readers
agreed that PE was present or could not be diagnosed with

certainty in 92% of cases. The readers agreed that PE was
absent or it could not be excluded with certainty in 82% of
cases. Interobserver agreement for cut-film pulmonary
angiography decreases with diminishing pulmonary artery
caliber. It was 98% for lobar PE, 90% for segmental PE, but
only 66% for subsegmental PE. Subsegmental PE was diag-
nosed in 6% of patients. In another angiographic study,
the proportion of patients with subsegmental PE was
30% (52). Interobserver agreement of DSA appears to be
superior to cut-film angiography. In 140 patients with sus-
pected PE, the kappa values ranged between 0.28 and 0.59
for cut-film angiography and between 0.66 and 0.89 for
DSA (53). 

Figure 13.7 Primary evidence of acute pulmonary embolism. Selective cut-film angiogram of the
right lower lobe pulmonary artery with multiple intraluminal radiolucencies, almost completely out-
lined by contrast (left). Corresponding segmental perfusion defects of the right lower lobe (right).

Figure 13.8 A. Right lower lobe balloon occlusion pulmonary cineangiogram demonstrates mul-
tiple vessels “cut off” (arrows). B. Balloon deflation facilitated distal contrast distribution, with a vis-
ible trailing edge of a thrombus (arrows).
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Because pulmonary angiography is the diagnostic gold
standard for PE, we cannot directly calculate sensitivity,
specificity, and predictive values. We estimate sensitivity
and specificity as 98% and 95 to 98%, respectively. The
validity of pulmonary angiography was assessed with fol-
low-up studies of patients with negative angiograms in
whom anticoagulation was withheld. In five studies, 840
patients had at least 3 months of follow-up (39,53–58).
Recurrent venous thromboembolism was documented in
1.9% of these patients. Therefore, it is almost always safe to

withhold anticoagulants in patients with suspected PE and
a negative pulmonary angiogram.

Hemodynamic Characteristics

Many PE patients without cardiopulmonary disease have
normal hemodynamics. Systolic right ventricular pressure
rarely exceeds 50 mm Hg in patients without pre-existing
cardiopulmonary disease (Figs. 13.9, 13.10, and 13.11).
Instead, acute increase in right ventricular afterload with a

Figure 13.9 Selective cut-film angiograms in a 65-year-old man with recurrent attacks of dyspnea
and syncope who presented with preserved systemic arterial pressure and right ventricular dysfunc-
tion on the echocardiogram. The angiogram demonstrates extensive intraluminal filling defects in
both pulmonary arteries.

A B

Figure 13.10 Right heart pressure tracings in the patient with acute pulmonary embolism from
Fig. 13.9. RA, right atrium; RV, right ventricle; PA, pulmonary artery.
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and microinfarction (62,63). Myocardial ischemia and
microinfarction are probably caused by increased oxygen
demand of the failing right ventricle and reduced coro-
nary perfusion as a consequence of a decreased systemic
cardiac output. 

Catheter Fragmentation and Embolectomy

In patients with massive PE, catheter intervention with or
without embolectomy is an alternative to systemic throm-
bolysis or surgical embolectomy (Figs. 13.12 and 13.13). If
the bleeding risk is not increased, catheter intervention
may be combined with local or systemic thrombolysis.
Most of the devices appear to be effective, safe, and poten-
tially life-saving in the presence of large fresh clots
(Table 13.4), but none has been investigated in a con-
trolled clinical trial (64–68). The Greenfield transvenous
embolectomy catheter has been available the longest, but
it has limited efficacy in the presence of chronic clots and
does not address the risk of re-embolization. 

OTHER INDICATIONS FOR PULMONARY
ANGIOGRAPHY

Pulmonary Hypertension

Chronic Thromboembolic Pulmonary
Hypertension

Most patients with chronic thromboembolic pulmonary
hypertension have no documented history of DVT or PE
nor any identifiable coagulopathy. Dyspnea with exertion
and fatigue are the most common complaints. The nonspe-
cific nature of these findings may substantially delay diag-
nosis. The chest radiograph usually reveals right ventricular
enlargement and enlarged main pulmonary arteries. ECG
changes are consistent with pulmonary hypertension.
Arterial blood gases often reveal resting hypoxemia with
a widened A-a gradient. Echocardiography documents
pulmonary hypertension and right ventricular dilation
and dysfunction. Most patients have a high-probability
ventilation perfusion scan. Contrast-enhanced chest CT
or MR will usually demonstrate chronic thrombi and
may reveal other rare causes of pulmonary hypertension
such as mediastinal fibrosis. Chest CT may be helpful to
exclude other causes of multiple stenoses and occlusions
of pulmonary vessels, such as infection, inflammation,
or neoplasm (69). 

Right heart catheterization and pulmonary arteriogra-
phy are performed, both to confirm the diagnosis and to
determine operability. In a study of 250 patients with
chronic thromboembolic pulmonary hypertension, the char-
acteristic angiographic findings (Table 13.5 and Fig. 13.14)
were confirmed surgically (70). In addition to indefinite
anticoagulation, pulmonary thromboendarterectomy plus

Figure 13.11 Simultaneous right atrial (lower tracing) and right
ventricular (upper tracing) pressure curves from the patient with
acute pulmonary embolism from Fig. 13.9. The atrial A wave is
most prominent and coincides with the rapid rise in right ventricu-
lar diastolic pressure. The C wave is smaller than the V wave and
coincides with the rapid rise in systolic right ventricular pressure.
The nadir of the prominent right atrial x-descent coincides with
systolic peak right ventricular pressure just before the beginning of
the T wave (arrow). The nadir of the y-descent coincides with the
dip in right ventricular diastolic pressure.

systolic pressure above 50 to 60 mm Hg will result in acute
right ventricular dilatation and systolic failure. Patients
with recurrent PE may tolerate higher systolic pressure
values prior to the development of right ventricular failure.
As a result of right ventricular diastolic dysfunction, the
right ventricular diastolic pressure approximates pul-
monary artery diastolic pressure and typically shows a
prominent dip and rapid rise. Right atrial pressure is ele-
vated, with a prominent A wave and steep x descent (59).
As right ventricular dilatation and dysfunction evolve,
reduced right ventricular output impairs left ventricular
filling. Left ventricular distensibility may be further com-
promised owing to a shift of the interventricular septum
toward the left ventricle. Left ventricular cardiac output is
decreased, with the systemic arterial waveform showing a
sharp upstroke owing to compensatory increase in sys-
temic vascular resistance.

In PE patients, increased myocardial shear stress can be
quantified with brain natriuretic peptide levels (60,61);
elevated troponin levels indicate myocardial ischemia
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inferior vena cava (IVC) filter should be considered in
patients with functional class �2. The procedure involves a
median sternotomy on cardiopulmonary bypass in deep
hypothermia with circulatory arrest periods (71). Repeated
balloon angioplasty of proximal pulmonary arteries may be
considered in patients who are not candidates for surgery
(72). Lung transplantation is an option in patients with
extensive distal disease. 

The presence of downstream pulmonary vascular resis-
tance, defined as a prolonged time from balloon occlusion
to the beginning of steady state pulmonary artery occlusion
pressure, may identify patients at risk for persistent pul-
monary hypertension and poor outcome following pul-
monary thromboendarterectomy (73). 

Primary Pulmonary Hypertension

Primary pulmonary hypertension (PPH) is a rare disease of
unknown etiology, distinguished by characteristic arterial,
capillary, and venular lesions (74). The term “primary” is
used in the absence of congenital or acquired pulmonary,
cardiac, or collagen vascular disease. There is a genetic pre-
disposition in about 10% of patients. The human her-
pesvirus 8 may play a role in the pathogenesis (75). If this

condition is left untreated, pulmonary artery pressure and
pulmonary vascular resistance will increase steadily until
the right ventricle fails. 

Echocardiography usually first documents the presence
of pulmonary hypertension in patients with unexplained
dyspnea or fatigue. Chest CT helps exclude secondary
forms of pulmonary hypertension. Right heart catheteriza-
tion is the gold standard for establishing the presence of
pulmonary hypertension and is particularly important in
excluding pulmonary venous hypertension in the presence
of a normal left ventricular filling pressure.

Angiography reveals nonspecific dilatation of the proxi-
mal pulmonary arteries with smooth, rapid tapering of
distal vessels (Fig. 13.15). A distal corkscrew appearance of
the arteries may also be seen (74). 

Acute drug challenge with a short-acting, titratable
vasodilator during continuous monitoring of the hemody-
namic profile is recommended in patients in whom cal-
cium channel blockers are considered (74). Patients in
whom a reduction in pulmonary vascular resistance �20%
is associated with a decrease in mean pulmonary artery
pressure �20% are considered responders (76). Symptomatic
intolerance includes a decrease of �40% in mean systemic
arterial pressure, an increase in heart rate �40%, or signs

Figure 13.12 Catheter fragmenta-
tion in combination with a continuous
systemic infusion of 100 mg alteplase
over 2 hours in a 64-year-old female with
massive pulmonary embolism and car-
diogenic shock. A. Frontal view demon-
strating subtotal filling defects in both
main pulmonary arteries. B. Catheter
thrombus fragmentation in the left pul-
monary artery (pars superior) using a
pigtail rotational catheter. C. Following
catheter fragmentation, improved flow
in the left upper lobe pulmonary arteries
(arrow) was accompanied by a prompt
increase in systemic arterial pressure
from 70 mm Hg to 95 mm Hg. D. Lateral
view demonstrating a significant proxi-
mal stenosis of the right coronary artery
approximately 7 seconds after nonselec-
tive injection of 40 mL contrast into the
main pulmonary artery (arrow).
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and symptoms leading to discontinuation of drug. Acute
drug challenge is also recommended in patients with
end-stage congestive heart failure to prove that high
pulmonary vascular resistance is not fixed and to ensure
eligibility for heart transplantation. However, acute drug
challenge is optional in PPH patients in whom bosentan

is being considered. An increasing number of vasodilator
drugs for chronic use are available to treat PPH (see
Chapter 30).

Intravenous epoprostenol (Flolan) is most commonly
used to test acute vasodilator response (Table 13.6). The
dose is up-titrated until systemic effects (headache, flushing,
or nausea) occur. Caution is warranted in patients with
coexisting congestive heart failure. 

Adenosine is a potent pulmonary vasodilator and has a
half-life of �5 seconds. Adverse effects include dyspnea
and chest discomfort. It should not be administered in
patients on theophylline or with acute asthma. 

In contrast to epoprostenol or adenosine, nitric oxide
has no inotropic properties and does not increase cardiac
output. It is inhaled via a face mask.

Rare Indications 

Pulmonary Arteriovenous Malformation (PAVM)

This entity is probably to the result of an embryologic
defect in the terminal capillary loop. Polycythemia and
reduced arterial PO2 are manifestations of the extracardiac
right-to-left shunt. Most patients with PAVMs are asympto-
matic, although dyspnea, cyanosis, digital clubbing, and
hemoptysis may be present. Paradoxic emboli via PAVMs
can result in cerebrovascular accident or abscess. PAVMs
are classified into two types (76). Simple PAVMs are usu-
ally a complex branching mass, supplied by one to three
subsegmental arteries, all arising from the same segmental
artery. Complex PAVMs are supplied by two or more differ-
ent segmental arteries. Complex PAVMs are more frequent
in the right middle lobe or lingula.

The walls of PAVMs are quite thin. Multiple PAVMs are
present in one third of cases. From 40 to 65% of PAVMs are
associated with hereditary hemorrhagic telangiectasia
(Rendu-Osler-Weber syndrome). PAVMs are seen rarely
with Fanconi syndrome (pancytopenia, radial deformities,
and brown skin pigmentation).

Figure 13.13 Right ventricular pressure curves pre and post
catheter fragmentation in the patient from Fig. 13.12. Despite
rapid clinical improvement, there was only a mild decrease in right
ventricular systolic pressure following catheter fragmentation.

INTERVENTIONAL DEVICES FOR MASSIVE PULMONARY EMBOLISM
TABLE 13.4

Catheter Manufacturer Mechanism of Action

Greenfield catheter Medi-Tech/Boston Scientific, Suction embolectomy
Watertown, MA

Pigtail catheter Cook Europe, Bjaerverskov, Fragmentation via over-the-wire 
Denmark pigtail rotation 

Amplatz device BARD-Microvena, Clot maceration via high-speed 
White Bear Lake, MN impeller rotation 

AngioJet Possis Medical, Embolectomy via high-pressure 
Minneapolis, MN saline injection (Venturi effect)

Hydrolyser Cordis, Warren, NJ Embolectomy via rheolytic effect 
Aspirex Straub Medical, Embolectomy via over-the-wire, 

Wangs, Switzerland high-speed spiral coil rotation
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Screening for PAVMs can be done noninvasively with
contrast echocardiography. Spiral chest CT helps establish
the diagnosis (Fig. 13.16). When intervention is planned,
selective pulmonary angiography is necessary, with frontal
and both oblique views of each lung. 

PAVMs can be percutaneously embolized with detach-
able balloons or coils (Fig. 13.17; 77). Silicone balloons
can be repositioned within the feeding artery prior to
final detachment to facilitate precise deployment. With
the potential for direct systemic emboli, extreme caution
must be exercised, and angiographic technique must be
meticulous to avoid air embolism, catheter thrombosis
and embolism, or systemic deployment of occlusion
devices.

Acquired pulmonary arteriovenous shunts can be sec-
ondary to trauma, infection, or hepatogenic angiodysplasia
(78). Infection-related shunts are seen in bronchiectasis,
invasive aspergillosis, tuberculosis, and schistosomiasis.

Pulmonary Artery or Vein Stenosis

An increasing number of patients with repaired congeni-
tal heart disease now survive into adulthood and may
present with pulmonary vascular stenoses and occlusions.
Most pulmonary arterial and venous stenoses occur in

ANGIOGRAPHIC FINDINGS IN CHRONIC
THROMBOEMBOLIC PULMONARY
HYPERTENSION

TABLE 13.5

Finding Comment

Pouching Contrast filling concave pouches in 
organized thrombus, with delayed
opacification or obstruction of the 
distal artery

Webs/bands Persistent thin or thick linear radiolucencies 
in lobar or segmental vessels causing
stenosis with or without poststenotic
dilatation

Luminal irregularity Scalloped arterial margins
Vessel tapering Abrupt narrowing of major pulmonary 

arteries
Vessel obstruction Obstruction of lobar arteries, usually at 

their origin

From Koning R, Cribier A, Gerber L, et al. A new treatment for
pulmonary embolism: percutaneous rheolytic thrombectomy.
Circulation 1997;96:2498–2500.

Figure 13.14 Chronic pulmonary thromboembolism. Frontal
view of right pulmonary angiogram in a 42-year-old female still
dyspneic after an acute pulmonary embolus was documented 6
months earlier and treated. The proximal pulmonary arteries are
dilated. The distal vessels taper rapidly and are irregular (arrows).
Eccentric stenoses are present (arrowheads), as are intraluminal
webs (open arrow).

Figure 13.15 Primary pulmonary hypertension. A 45° right
anterior oblique view of the left pulmonary angiogram of a 30-
year-old male with primary pulmonary hypertension. Note the
rapid tapering of segmental vessels.
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association with congenital cardiac disease such as tetral-
ogy of Fallot, truncus arteriosus, pulmonary valvular
stenosis, patent ductus arteriosus, aortic stenosis, ventric-
ular septal defects, or transposition of the great vessels.
Pulmonary blood flow is often maintained by surgical
shunts or systemic-to-pulmonary collaterals. Isolated
stenoses may present following pulmonary artery band-
ing after systemic to pulmonary artery shunts such as
Blalock-Taussig, Waterston-Cooley, or Glenn anastomo-
sis. In patients with congenital heart disease, pulmonary
angiography may be required to evaluate the indication
for reoperation, including assessment of the size of pul-
monary vessels and collaterals, or documentation of
intracardiac or extracardiac shunt patency.

Stenosis may also be secondary to rubella, chronic
infections (such as histoplasmosis), or infestations (such
as schistosomiasis). Stenoses are associated with idio-
pathic hypercalcemia. Lung transplant pulmonary arterial
stenoses are not common and carry a poor prognosis (79).
Congenital single or multiple stenoses may be present with-
out cardiac anomalies (Fig. 13.18). Angioplasty and stent
placement for treatment of pulmonary artery stenoses have

been used primarily for treatment of congenital stenoses
(80). Pressure recordings are helpful in establishing hemo-
dynamic significance of pulmonary branch stenoses.

Pulmonary vein stenosis is increasingly seen in patients
who undergo radiofrequency ablation of the pulmonary
venous ostia for treatment of atrial fibrillation. Balloon
angioplasty with or without stent placement has been used
successfully to treat symptomatic patients (81).

Pulmonary Artery Aneurysms

Pulmonary artery aneurysms may appear as a perihilar
mass on chest radiographs. Spiral chest CT or MR is useful
to confirm the diagnosis. Most aneurysms occur centrally,
usually secondary to pulmonary hypertension or following
surgical correction of congenital heart disease. Degenerative
pulmonary aneurysms can be seen in Marfan syndrome.
Tuberculosis results in pulmonary artery aneurysms known
as Rasmussen aneurysms. Other infectious causes of pul-
monary artery aneurysms include syphilis and septic
emboli. Rupture of pulmonary artery aneurysms may cause
fatal hemorrhage. Multiple pulmonary artery aneurysms

DOSE REGIMENS: ACUTE VASODILATOR TESTING
TABLE 13.6

Drug Initial Dose Dose Increments Maximum Dose

Intravenous 2 ng/kg per minute 2 ng/kg per minute 16 ng/kg per minute
epoprostenol every 15 minutes

Intravenous 50 
g/kg per minute 50 
g/kg per minute 350 
g/kg per minute
adenosine every 15 minutes

Inhaled nitric oxide 20 ppm 20 ppm every hour 80 ppm

Figure 13.16 Multirow (16-slice) detector chest computed tomogram of a patient with a single
large pulmonary arteriovenous malformation (arrows). Axial view (left) and reconstructed coronal
view (right). (Courtesy of Joseph Schoepf, MD, Department of Radiology, Brigham and Women’s
Hospital, Boston, MA.
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may be seen in Behçet disease and are associated with poor
prognosis (82). Pseudoaneurysms of the pulmonary artery
result from penetrating or catheter trauma. Technical and
clinical success has been reported for percutaneous
embolization of pseudoaneurysms with coils, Gelfoam,
and suture material (83).

Partial Anomalous Pulmonary Vein Return

This entity may be seen in isolation or more often in com-
bination with an atrial septal defect. Anomalous veins com-
monly enter the right atrium directly. Transesophageal
echocardiography is accurate in delineating the cardiac
abnormalities. Pulmonary angiography with delayed film-
ing is diagnostic for quantification of the left-to-right shunt.
An oxygen saturation run should include a sample from the
high superior vena cava to exclude the rare possibility of
solitary left anomalous pulmonary vein return (84).

Pulmonary Artery Neoplasms

Leiomyosarcoma of the pulmonary artery is a rare neo-
plasm. It typically is seen in the main pulmonary artery in
relation to the pulmonary valve (Fig. 13.19). The tumor is
entirely intraluminal in half the reported cases and spreads
along the lumen. Pulmonary angiography with hemody-
namic assessment may be required preoperatively (Fig.
13.20). It is important to evaluate the venous phase for any
pulmonary venous involvement. Arterial or venous
obstruction, encasement, displacement, or rarely intralu-
minal invasion may be identified. 

Inflammation

Inflammatory diseases of the lung manifest a spectrum of
findings at pulmonary arteriography. In Takayasu arteritis,
the degree of pulmonary involvement correlates with the
severity of brachiocephalic disease (85). Findings include
stenosis, occlusion, and, rarely, dilatation of pulmonary
arteries. CT angiography best demonstrates the wall thicken-
ing and enhancement of involved arteries (86). Systemic-to-

Figure 13.18 Left interlobar pulmonary artery stenosis. Left
pulmonary angiogram of isolated pulmonary arterial stenosis in an
adolescent male.

Figure 13.17 Pulmonary arteriovenous malformation with percutaneous embolization. A. Digital
image displaying Amplatz spider vascular occlusion device (arrows) trailed by multiple coils. B. Right
pulmonary angiogram confirms occlusion of the fistula.
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pulmonary artery communications may exist, with bron-
chial arteries serving as collaterals to the occluded pul-
monary arteries. Behçet disease involves the pulmonary
arteries with a nonspecific vasculitis in about 5% of patients.
Angiographic findings are predominantly aneurysms, with
occlusion noted less frequently. Severe mediastinitis from
histoplasmosis can compress and occlude the pulmonary

arteries and veins as they traverse the mediastinum. Lymph
node involvement can compress adjacent arteries and veins. 

Foreign Bodies

The pulmonary arterial system is the final destination for
fractured and embolized devices placed in the venous

Figure 13.19 Nonselective cut-film pulmonary
angiogram in a 62-year-old male with progressive
dyspnea and elevated jugular venous pressure.
An irregular intraluminal mass (leiomyosarcoma) is
seen in the left main pulmonary artery. Severe
reduction in distal flow indicates a hemodynami-
cally significant stenosis. (Courtesy of Richard
Baum, MD, Department of Radiology, Brigham
and Women’s Hospital, Boston, MA.)

Figure 13.20 Pulmonary artery pressure trac-
ing from the patient in Fig. 13.19. During
catheter withdrawal from the left into the main
pulmonary artery trunk, hemodynamic signifi-
cance of the stenosis was confirmed. (Courtesy
of Richard Baum, MD, Department of Radiology,
Brigham and Women’s Hospital, Boston, MA.)



system. In most cases, a hand injection of contrast is help-
ful to determine the size and orientation of the vessel
containing the foreign body. Percutaneous retrieval using
a nitinol snare has simplified the approach to foreign
body removal. Balloons are well suited to engage lost
stents and either to deploy the stent in a safe location or
to retrieve it.
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Atherosclerosis is a systemic disease that afflicts millions of
patients annually in the United States. Historically, most of
the clinical focus has been on its coronary artery manifes-
tations, given their frequency and the potentially grave
consequences. Although specialists in vascular medicine
and vascular surgery have long recognized that peripheral
(i.e., extracardiac) arterial occlusive disease may contribute
significantly to morbidity and mortality, it is only recently
that invasive and interventional cardiologists have become
actively involved in its diagnosis and management. To sup-
port that involvement, this chapter includes atherosclerotic
manifestations in all major arterial territories. It reviews
the natural history, clinical presentation, noninvasive diag-
nostic modalities, and angiographic techniques used in
patients with peripheral vascular disease, including
aneurysmal disease of the thoracic and abdominal aorta,
and atherosclerotic disease of the extracranial carotid arter-
ies, renal arteries, and lower extremity arteries. Additional
information regarding interventional techniques is reviewed
in Chapter 26, and representative case profiles are reviewed
in Chapter 34.

PERIPHERAL IMAGING TECHNIQUES

Aortography and peripheral angiography have a history
as long as that of cardiac catheterization. Shortly after

W. Forssmann reported the passage of a catheter from his
own arm vein into his right atrium in 1929 (1), dos Santos
and colleagues described their experience in performing
abdominal aortography by direct needle puncture (2).
Seven years later, Nuvoli performed aortography via direct
needle puncture of the ascending aorta (3). Fortunately,
these direct access techniques have now been virtually
replaced by the percutaneous and direct (see Chapters 4
and 5) techniques for catheter introduction, which are the
foundation of modern angiography. In the past decade,
major improvements have also been made in noninvasive
imaging techniques, so that modalities such as duplex
ultrasound, computed tomography (CT), and magnetic
resonance angiography (MRA) are now frequently the ini-
tial investigations for diagnosis and monitoring of periph-
eral vascular disease. These noninvasive imaging tech-
niques augment traditional techniques of catheter-based
angiography, facilitating detection of subclinical disease,
strategizing for interventional procedures, and allowing
safe and reliable methods for ongoing surveillance.

NONINVASIVE ANGIOGRAPHY 

Improvements in imaging techniques and resolution have
resulted in widespread clinical application of MRA and
CTA. By definition, noninvasive imaging modalities avoid
the potential complications of catheter-based angiography. 

There are currently three techniques for performing
MRA. The first, termed time-of-flight MRA (TOF-MRA), was

a Some of the material in the current chapter was contributed by
Robert M. Schainfield, D.O., for the previous edition. 
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the initial MR-based angiographic application and remains
an important method for evaluation of distal runoff vessels
(4). It relies on suppression or saturation of the background
tissue by rapid sequences of radiofrequency signal to allow
detection of high-velocity flowing blood (5). Although its
application was met with enthusiasm, it was limited by
overestimation and time-consuming imaging protocols (6).

The next MR application applied to peripheral angiog-
raphy was phase contrast MRA (PC-MRA), in which manip-
ulation of the spin states creates a differential signal from
flowing blood and background tissue. In the resultant PC-
MRA images, the signal of each pixel represents velocity in
a given direction (7). An advantage of this technique is that
it allows quantification of blood flow volume and velocity.
PC-MRA is limited by flow voids arising in regions of flow
turbulence, flow-velocity dependence on signal intensity,
and the need for gating large arteries.

The third technique, contrast-enhanced MRA (CE-MRA),
is independent of flow and relies on the intravenous injec-
tion of nonnephrotoxic gadolinium-based paramagnetic
contrast, which shortens local T1 relaxation time (Fig.
14.1; 8). The application of CE-MRA has been validated for
single fields of view, and although it is an excellent method
for examining limited fields (e.g., perirenal aorta), it is

often insufficient to cover larger vascular beds. As a result,
several techniques have been adopted to overcome this
limitation, including multistation MRA or moving table
MRA. Multistation MRA requires multiple injections,
masking the venous and parenchymal signal from the ini-
tial injection, and the use of high volumes of contrast (9).
Moving table MRA with bolus chasing overcomes some of
these limitations by maximizing the data obtained from a
single bolus. The rapid transit time from the aorta to the
lower limbs is such that venous filling cannot be com-
pletely negated (10).

Since its first report in 1992, improvements in CT
angiography have resulted in rapid image acquisition and
improved image resolution (11). In particular, the develop-
ment of multidetector CT (MDCT) allows shorter image
acquisition time, thinner sections, and improved longitu-
dinal coverage (Fig. 14.2). In general, a scout scan is per-
formed to ensure that the area of interest is covered. A test
dose of contrast is required to set the time delay between
contrast injection and image acquisition. A total volume of
80 to 100 mL of iodinated contrast is usually required
(12). The major disadvantage of CTA is the need for mod-
erate volumes of nephrotoxic contrast, precluding its use in
the setting of renal insufficiency.

Figure 14.1 Contrast enhanced MRA of the aorta demonstrat-
ing aortic tortuosity with evidence of mural thrombus. Both the
right and left renal arteries demonstrate high-grade stenoses at
their origin. 

Figure 14.2 Three-dimensional CT angiography of an infrarenal
aortic aneurysm, demonstrating the application of novel imaging
protocols in current vascular medicine practice.



RADIOGRAPHIC IMAGING 

Catheter-based angiography has equally undergone a new
level of complexity and sophistication and, at this writing,
remains the gold standard for diagnosis of arterial disease.
As with cardiac angiography (Chapter 2), the techniques of
vascular angiography are predicated on maximizing bene-
fit for the patient while minimizing associated risk. These
principles are summarized in the recently updated consen-
sus conference guidelines regarding the clinical compe-
tency required for the diagnosis and management of
peripheral vascular diseases (13). 

Principles of vascular angiography may be divided into
general considerations common to all vascular territories
and specific considerations relating to individual vascular
beds. General considerations include techniques of arterial
access, radiographic equipment, catheter design and use,
anticoagulation, and contrast selection. Specific principles,
discussed in their relevant sections, include the choice of
arterial access, catheter selection, optimal angulation,
adjunctive methods of evaluation (intravascular ultra-
sound, translesional pressure gradient measurement, and
so on), and classification of angiographic findings.

VASCULAR ACCESS

Although arterial access has been discussed previously
(Chapter 4 and 5), its importance in achieving a safe,
complication-free procedure cannot be overstated, particu-
larly in patients with known peripheral vascular disease.
Deciding on the appropriate site of access for peripheral
arteriography is a most important preprocedural decision,
analogous to planning a surgical incision. Optimal access
reduces the likelihood of complications and shortens the
duration of the procedure. The most favorable site of access
is determined based on the clinical history, physical exam-
ination, and noninvasive studies (e.g., duplex ultrasonog-
raphy, MRA, or CTA). The most common sites remain the
common femoral and brachial arteries. If the femoral pulse
is diminished or absent (e.g., owing to occlusion more
proximally), one of several methods may be used to facili-
tate successful entry of the artery (14,15). We strongly rec-
ommend confirming the site of femoral access by fluo-
roscopy in all patients, particularly in those with ambiguous
surface landmarks (see Chapter 4). Arterial calcification,
which is frequently present in diseased arteries, can also
aid as a fluoroscopic target. Ultrasound guidance, and road
mapping of a contrast injection performed via a catheter
positioned in the distal aorta from the contralateral groin,
may also be helpful. For difficult access, a Doppler inte-
grated needle (SmartNeedle) can be used to accurately
locate the arterial or venous access site (16).

Although many operators use crossover techniques
from the contralateral femoral artery, antegrade puncture
of the ipsilateral common femoral artery (CFA) is widely
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used to approach femoral, popliteal, or infrapopliteal dis-
ease. Antegrade access is considered more challenging tech-
nically and limits angiography to the ipsilateral leg, but it
offers a more stable platform for intervention. The
patient’s orientation is reversed such that the feet are
placed at the head of the gantry, allowing maximal mobil-
ity of the image intensifier around the lower limbs. As in
retrograde access, the desired site of entry is in the middle
of the CFA below the inguinal ligament, but given the dif-
ferent angulation, the skin puncture is made at or above
the top of the femoral head (17; Fig. 14.3). A 9-cm needle
is frequently required, as compared with the standard 7-cm
needle used for retrograde access. A less acute needle angle,
generally �45	, facilitates catheter and sheath insertion by
avoiding the kinking associated with a steeper-angled
entry. Arterial puncture should be performed under fluoro-
scopic guidance aiming for the mid or upper portion of the
femoral head. Aids to antegrade access include arterial cal-
cification or prior studies (angio, CTA, or MRA) that define
the bifurcation of the CFA in relation to the femoral head.
In cases with a known high CFA bifurcation, the antegrade
stick should be modified accordingly.

Having achieved arterial puncture, a 0.035-inch wire is
advanced under fluoroscopic guidance into the proximal
SFA or PFA. The wires that we recommend include a
Wholey wire (which provides a gentle steerable tip) or an
angled Glidewire (which gives easy passage into the
femoral circulation but must be used with care as it may
track subintimally or be skeletonized by the sharp edge of
the access needle). We recommend use of a 5F sheath until
the site of arteriotomy and procedural requirement has
been confirmed. To confirm the site of antegrade access,
angiography with 30 to 50	 of ipsilateral oblique angula-
tion will define the arteriotomy site in relation to the com-
mon femoral bifurcation. Anticoagulation should be
administered once the correct position of the access point

Figure 14.3 Antegrade femoral artery puncture. The skin nick
at the top of the femoral head (needle), with ideal entry at the mid-
dle of the common femoral artery with angle �45	.
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has been confirmed. Extra care should be taken to remove
the antegrade sheath promptly following the procedure to
minimize complications. It is our practice to consider
reversing anticoagulation to facilitate immediate sheath
removal in the catheterization laboratory. 

Great care should be exercised in advancing and manip-
ulating catheters and guidewires in the severely diseased
peripheral circulation to reduce the chance of emboliza-
tion related to the traumatic disruption of cholesterol-rich
atherosclerotic plaque. This rare but devastating complica-
tion of arteriography may lead to livedo reticularis, hyper-
tension, renal failure, stroke, or potentially death (see
Chapter 3). Although there are no proven therapies effec-
tive in the management of this dreadful complication,
prostanoids (e.g., PGE1, PGI2) may serve a palliative role
in those cases in which it occurs (18,19). 

RADIOLOGIC EQUIPMENT 

As in cardiac catheterization, optimal imaging requires a
radiographic gantry capable of axial and sagittal orienta-
tion with sufficient mobility to allow imaging of all vascu-
lar beds. To capture the larger regions of interest (e.g., the
entire aortic arch, the pelvic vasculature, or both legs) a
large-field (14-inch or 36-cm) image intensifier is recom-
mended. Widespread application of digital imaging has
facilitated contrast enhancement and noise reduction, pro-
viding superior angiographic results. Digital subtraction
angiography (DSA) and road mapping are two techniques
commonly used in peripheral angiography and interven-
tion. In DSA, subtraction of a precontrast mask suppresses
interfering structures from subsequent projections, thereby

enhancing arterial filling and masking fixed structures
(bone, calcifications, soft tissue, and air densities). This
allows the use of lower doses of iodinated contrast or use
of noniodinated contrast including carbon dioxide or
gadolinium (20,21; Fig. 14.4A,B).

Further postprocessing features include reversal, magni-
fication, pixel shifting, picture integration, contour enhance-
ment, image stacking and three-dimensional reconstruction
of the subtracted image (22–26). Quantitative analysis
(QA) may be used to assess vessel diameters and lengths,
degree of luminal narrowing, and blood flow velocity (27).
Another useful technique used in DSA is road mapping.
This technique is used for selective catheterization and is a
useful aid for visualization of a moving catheter. Prior to
moving the catheter, a small amount of contrast medium is
injected. The image with filled vessels is stored in memory
as a mask (a road map along which the catheter is to be
moved). This mask is then subtracted from the following
fluoroscopic images, which will display both the vessels
and the catheter with its tip. Although it is not used in car-
diac work (where cardiac motion precludes acquiring as
suitable “mask” image), DSA is of great value in peripheral
angiography as it reduces contrast volume, procedure time,
and radiation exposure.

CATHETERS AND GUIDEWIRES

Just as there are a wide range of cardiac catheters and
guidewires, vascular angiography and intervention have a
wide range of tools available to meet different anatomic chal-
lenges. In addition to standard, thin-walled 18-gauge needles
that will accommodate a 0.038-inch wire, micropuncture

BA

Figure 14.4 A. Normal abdominal aortogram using iodinated contrast material obtained by digi-
tal imaging technique. B. Same imaging data, but with enhancement of contrast-filled vessels
obtained by the subtraction of all background densities (bones, soft tissue, gas) as recorded on a
mask immediately prior to contrast injection.
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(i.e., 21-gauge) needle sets are available that allow conver-
sion to a standard (i.e., 0.035-inch) guidewire in situa-
tions with a high risk of bleeding or unsuccessful needle
puncture attempts.

Most peripheral guidewires are made of a stainless steel
coil surrounding a tapered inner core that runs the length
of the wire for additional strength. A central safety wire fil-
ament is incorporated to prevent separation were the wire
coil ever to fracture. Standard wires vary in diameter from
0.012 to 0.052 inch, with 0.035 and 0.038 being the most
commonly used sizes. The length of most standard wires is
between 100 and 180 cm; longer exchange-length
guidewires (measuring 260 to 300 cm) permit keeping the
tip of the wire in a selected position during catheter
exchange. Tip configurations include straight or angled tip
and J shape. Special features may include the ability to
move the wire’s inner core to vary the length of the floppy
tip, deflect the wire tip, or transmit torque from the shaft
to the tip so that it can be steered within the vascular tree.
Varying degrees of shaft stiffness (e.g., extra-support wires)
allow advancement of stiff devices through tortuous ves-
sels, and low-friction wires with a hydrophilic coating
(glide wires) have revolutionized peripheral work and
made it possible to perform superselective catheterization
and traverse complex stenoses and long occlusions. 

Peripheral angiographic catheters are constructed of
polyurethane, polyethylene, Teflon, or nylon with a wire
braid in the wall of the catheter to impart torque ability. An
ideal catheter has good memory, is nonthrombogenic, has
sufficient torque control to facilitate rotational positions,
can accommodate high-pressure injection, and tracks well
(frequently aided by hydrophilic polymer coating).
Catheters vary in French size, length, and hole pattern—
either a single end hole for selective injections, both end
and side holes, or a blocked end with side holes only. For
catheters designed to be positioned in the abdominal
aorta, 60- to 80-cm lengths are sufficient; in the thoracic or
carotid areas, 100- to 120-cm lengths (similar to those of
left heart catheters) may be required. The most common
diagnostic catheter sizes are 5 to 7 French, although 3 and
4 French systems have gained popularity when brachial
and radial arteries are used for access.

Several catheter shapes have been designed, which ulti-
mately determines a specific function (Fig. 14.5). They fall
into these general families:

■ Straight catheters with multiple side ports that are used
for rapid injection into large vessels and for exchange.

■ Pigtail or tennis-racket catheters that are used for nonse-
lective angiography in large vessels (i.e., aorta, pul-
monary artery, or cardiac chambers). Multiple side holes
along the distal shaft allow rapid delivery of contrast
without a single forceful jet that could cause catheter
whipping or subintimal dissection as might be seen with
contrast exiting the end-hole alone.

■ Simple curved catheters (i.e., Berenstein, Cobra, Head-
hunter) that are used for vessel selection. 

■ Complex reverse-curve catheters (i.e., Simmons, side-
winder, SOS-OMNI) that are used for selective catheteri-
zation of certain aortic branches.

CONTRAST AGENTS

The principles of contrast agents are similar for peripheral
angiography as for coronary angiography (Chapter 2). In
general, high-osmolar contrast materials are avoided as
they are associated with increased side effects (nausea,
vomiting, light-headedness, local pain during peripheral
injection), all of which reduce patient tolerance (28). Low-
osmolar or iso-osmolar contrast delivers less osmotic load,
resulting in reduced intravascular volume augmentation.
Although their use has traditionally been confined to cer-
tain high-risk patient groups, they have more recently
become standard in all catheterization laboratories.

Contrast-induced nephropathy (CIN, see Chapters 2
and 3) has become one of the most common complica-
tions of angiography, accounting for a 14.5% incidence of
acute renal failure postangiography, and making it the
third most common cause of new onset renal failure in
hospitalized patients (29). CIN is particularly prevalent in
peripheral angiography; owing to the large volumes of
contrast required, the high incidence of comorbidities
such as baseline renal dysfunction, diabetes, hyperten-
sion, and renal artery atherosclerosis (30). Aggressive pre-
hydration, particularly with isotonic (0.9%) rather than
hypotonic (0.45%) saline, reduces CIN, especially in high-
risk patients (31). Use of iso-osmolar contrast agents (e.g.,
iodixanol) similarly decreases the incidence of CIN (32).
Attempts to target the final pathway of free radical injury
have focused on the use of the antioxidant acetylcysteine.
Although the results have been conflicting, there appears
to be little disadvantage in its use and possible benefit (33)
(34–37). More definitive benefit has recently been pub-
lished with periprocedural infusion of sodium bicarbon-
ate, resulting in a significant reduction in CIN in what was
shown to be a safe, inexpensive, and simple protocol (38).

Figure 14.5 Peripheral angiographic catheters. Left to right.
Pigtail, Cobra, multipurpose, Headhunter, Simmons, SOS-omni,
tennis racket. 
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Preventative methods for CIN have focused on the
development of nonnephrotoxic contrast agents. Two such
agents have now emerged as alternatives in patients with
renal dysfunction or a history of contrast allergy. Carbon
dioxide (CO2) as a contrast agent has been used extensively
in many vascular beds (39–44). Its primary advantage is
that it obviates any risk of allergic reaction or nephrotoxic-
ity (45). Its application is limited to arteries below the
diaphragm to minimize the risk of cerebral embolization,
and digital subtraction equipment is required. Another
agent, gadolinium (gadopentetate dimeglumine), has tra-
ditionally been used with magnetic resonance imaging,
but can also be applied to catheter-based imaging (46–48).
Like CO2, it is relatively nontoxic, although the maximal
dose is limited to 0.4 mmol/kg (approximately 60 mL; Fig.
14.6A,B).

Beyond these general peripheral imaging techniques,
there are a number of important considerations relating to
each portion of the arterial tree. In this and subsequent
chapters relating to the peripheral circulation (Chapters 26
and 34), we will review the territories in a head-to-foot
sequence.

THORACIC AORTA

Anatomy

The aortic valve is composed of three leaflets that form the
three sinuses of Valsalva: right, left, and posterior (49). The
ascending aorta itself begins just beyond the sinus seg-
ment, and courses in a mostly anterior-posterior direction.
The diameter of the ascending aorta varies between 2.2 cm

and 3.8 cm in middle-aged adults and increases slightly
with advancing age (50). After it passes over the main
pulmonary artery and left mainstem bronchus, the aorta
gives rise to the brachiocephalic trunk and then courses
posteriorly and leftward in front of the trachea. It then
gives rise to the remaining arch vessels—the left common
carotid, and left subclavian arteries—from its upper sur-
face (Fig. 14.7A).

Distal to the origin of the left subclavian artery, the
aorta narrows slightly at the site of the isthmus where the
ligamentum arteriosum (the remnant of the fetal ductus
arteriosus) tethers the aorta to the left pulmonary artery.
Just distally to this point, a fusiform dilatation, called the
aortic spindle, may occur. The descending aorta then con-
tinues anterior to the spine, with a diameter of approxi-
mately 2.5 cm. Vessels deriving from the descending por-
tion of the aorta are nine pairs of posterior intercostal
arteries (levels T3 to T11). The first and second posterior
intercostal arteries are supplied by the superior intercostal
artery, which is a branch of the subclavian artery. At the
level of the fourth to sixth thoracic vertebrae, anteriorly
directed bronchial arteries come off to supply each lung.

Disorders of the Thoracic Aorta

Aortic Coarctation

Coarctation of the aorta (see also Chapters 27 and 33)
occurs in 0.02% to 0.06% of the population and may be
associated with bicuspid aortic valve (33% of cases),
patent ductus arteriosus, ventricular septal defect (VSD),
or Turner syndrome (51). To bypass the resulting bandlike
narrowing of the aorta, collateral flow occurs retrograde

A B

Figure 14.6 A. Pelvic arteriogram of 75-year-old female with bilateral hip claudication demon-
strating diffuse infrarenal aortic atherosclerosis, right common iliac artery stenosis (black arrow), and
left common iliac artery occlusion (white arrow) with external iliac artery reconstitution via collater-
als. B. Corresponding MRA with two-dimensional gadolinium-enhanced technique that mirrors the
DA image. 
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into the posterior intercostal branches of the descending
aorta. The resultant enlargement and tortuosity of these
intercostal arteries are responsible for the “rib notching”
seen on chest radiographs.

The classical findings by aortography or MRA are of a
high-grade, discrete narrowing of the aorta at the level of
the isthmus, with associated dilatation of the ascending
aorta and enlargement of the internal thoracic and the
intercostal arteries (52). Aortography assumes a significant
role in differentiating the great variety of abnormal patterns,

including complete aortic interruption, hypoplastic aorta
and the most common type—a stenosis at the site of the
isthmus, distal to the origin of the left subclavian artery.
Both AP and lateral (RAO/LAO) aortography should be
initially undertaken, with contrast injection performed
proximal to the presumed site of coarctation using either
large-film or cineangiographic technique. When attempt-
ing to traverse the site of narrowing in retrograde fashion,
care must be taken to avoid inadvertent perforation of
the thin-walled poststenotic segment. Entrance to the

Figure 14.7 A. Normal ascending and arch aortogram with great vessels. B. Ascending aortic
aneurysm owing to cystic medial degeneration. C. Stanford type A aortic dissection following aortic
valve replacement. The intimal dissection flap (arrows) separates the contrast-filled true lumen (TL)
from the false lumen (FL) that compromises the TL as it proceeds distally. D. The dissection extend-
ing into the abdominal aorta with origination of the left renal artery from the FL and TL supplying the
right renal artery. 



prestenotic aorta from the brachial or axillary arteries may
thus be preferred. 

Patent Ductus Arteriosus

The prevalence of patent ductus arteriosus is 1/5,500 in
children younger than 14 years of age (53). Selective aortic
angiography is sensitive in demonstrating small shunts
and surpasses the sensitivity of right heart catheterization
with stepwise oximetry (see also Chapters 9, 27, and 33). 

Aortic Aneurysms

Thoracic aortic aneurysms (TAAs) and pseudoaneurysms
may have various causes, including those that are degener-
ative, atherosclerosis-related, or congenital (aneurysms of
the Valsalva sinus); other causes include trauma, infection
(syphilitic, bacterial), cystic medial degeneration, connec-
tive tissue disorders, vasculitic, and chronic dissection.
Degenerative aneurysms involving the descending aorta
account for approximately 75% of TAAs (54,55). Cystic
medial degeneration (as seen in Marfan syndrome) may
also result in aneurysms of the ascending aorta (56);
Fig. 14.8B). Aneurysms caused by blunt or penetrating
trauma often involve the proximal descending thoracic
aorta where the mobile arch segment joins the descending
segment that is fixed to the spine (57–59). These may pre-
sent as pseudoaneurysms—contained ruptures that lack
intimal and medial components and are contained only by
adventitia and periaortic tissue. 

The natural history of TAAs is poorly understood as
compared with the extensive data available on untreated
infrarenal abdominal aortic aneurysms (60). Many patients
with thoracic aortic aneurysms are asymptomatic at the
time of diagnosis, with the aneurysm incidentally detected
during testing for an unrelated disorder. Thoracic aneurysms
appear to enlarge at a more rapid rate than abdominal
aneurysms (0.42 versus 0.28 cm/year), and aneurysms
larger than 5 to 6 cm in diameter enlarge even faster and
have a greater likelihood of rupture (60–62). The cumula-
tive five-year risk of rupture is increased fivefold in
aneurysms �6 cm in diameter. Symptoms tend to develop
late in the course of the enlargement of the aorta and are
usually related to impingement on adjacent structures. In
addition to presenting with catastrophic rupture, patients
with TAA may report dyspnea, hoarseness, dysphagia, stri-
dor, and plethora with edema from superior vena cava
(SVC) compression. Neck or jaw pain may also be present
in patients with aneurysms of the aortic arch. Dilatation of
the aortic valve annulus and aortic valve may produce aor-
tic regurgitation and congestive heart failure. Aneurysms of
the descending thoracic aorta may produce pleuritic left-
sided or interscapular pain, whereas thoracoabdominal
aortic aneurysms may induce complaints of abdominal
pain and left shoulder discomfort from irritation of the left
hemidiaphragm.
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The primary treatment for TAAs is surgical repair when
the diameter �5 to 6 cm or symptoms develop (63). The
standard procedure is to use a Dacron graft to replace the
diseased segment. In most patients undergoing elective
thoracic aorta surgical repair, aortography is required to
provide information about the location of the aneurysm
and its relationship to major aortic branches in the chest
and abdomen. Optimal surgical approaches, as well as
operative risks, are best defined by imaging the coronary,
brachiocephalic, visceral, and renal arteries during injec-
tions. Stent–graft devices have been successfully used as an
alternative to surgical grafting for both thoracic and aortic
degenerative and post-traumatic descending TAAs (64–66).
Early experience has been limited by incomplete aneurysm
thrombosis, graft leak, and failure. However, further refine-
ments in the technology may make this modality a viable
option in poor surgical candidates.

Aortic Dissection

Aortic dissection is a longitudinal cleavage of the aortic
media by a dissecting column of blood (67). An intimal

Figure 14.8 A. Normal abdominal aortogram in anteroposte-
rior projection. B. Aortogram demonstrating an infrarenal abdomi-
nal aortic aneurysm (4.7 cm) that underestimates the accurate size
owing to the presence of mural thrombus (arrows). C. Distal aortic
occlusion below the renal arteries.



tear allows the passage of blood into the aortic wall, sepa-
rating the inner and outer layers of the aortic wall and
creating a “double-barrel lumen” (68). Men are affected
about twice as frequently as women (69). Most patients are
between 50 and 70 years of age and have arterial hyperten-
sion (70). Other risk factors include cystic medial degener-
ation (71), Marfan syndrome (72), bicuspid aortic valve,
aortic coarctation, blunt trauma (70), pregnancy (73,74),
connective tissue disorders (72), and thoracic aorta opera-
tive procedures (75). The dissection may extend proxi-
mally from its origin to the aortic annulus, or distally to
involve the entire length of the aorta and any or all of its
major branches, until terminated by an aortic branch or
atherosclerotic plaque. 

Dissection is usually heralded by the sudden onset of
excruciating pain described as tearing, throbbing, lacerat-
ing, ripping or burning in the anterior chest, neck or
intrascapular region (76). Similar pain may occur with
rupture or sudden expansion of a chronic dissection. If the
acute dissection results in compression of aortic branches,
symptoms and signs of acute myocardial infarction (77,78),
stroke or TIA, paraparesis (79), mesenteric ischemia, renal
failure (80), paraplegia, and extremity ischemia (81) may
result. Most patients with ascending aortic extension who
are treated medically die within 3 months, usually from
dissection into the pericardium, mediastinum, or pleural
cavity. 

Once considered the gold standard for diagnosis of aor-
tic dissection, aortography (which has a sensitivity of 80%
and specificity of about 95%) has largely been replaced by
CT, MRA, and transesophageal echocardiography (TEE;
82). Visualization of an intimal flap is the only direct aor-
tographic sign that is pathognomonic of dissection. This is
frequently in association with delayed or sluggish filling of
a second lumen, although about 20% of patients with aor-
tic dissection have only one visible aortic channel. The
presence of a false lumen may still be suspected, however,
if that single channel shows evidence of extrinsic compres-
sion by a hematoma in the false lumen. Beyond docu-
menting the dissection, aortography provides information
about aortic insufficiency and branch vessel or coronary
artery involvement, particularly in cases where CT or MRI
findings are equivocal and there is a strong clinical suspi-
cion of aortic dissection (83). 

Two classification systems of aortic dissection are widely
used. The DeBakey classification is based on the anatomical
extent of the dissection (71,84). In type I, the tear origi-
nates in the ascending aorta and extends distally. Type II
dissections are confined to the ascending aorta. In type III,
the dissection may be confined to the descending aorta
(type IIIa) or extend into the abdominal aorta and iliac
arteries (type IIIb). The Stanford classification is based solely
on the location of the origin of the dissection (85). Type A
includes all cases where the ascending aorta is involved,
and type B includes those where the ascending aorta is not
involved (Fig. 14.7C,D).

When approaching a patient with suspected aortic dis-
section, the preferred entry point is the femoral artery with
the best pulse. An atraumatic diagnostic catheter (e.g., pig-
tail or tennis racket) with a soft J-tipped guidewire should
be advanced under fluoroscopic guidance with frequent
test injections. Since the entry to the false lumen is com-
monly on the greater (outer) curve of the aorta, the
catheter may be used to direct the wire toward the inner
curve to maximize the chance of remaining in the true
lumen. If this is done successfully, structures like the aortic
leaflets and coronary arteries will be observed, and it will
be possible to enter the left ventricle. It is not uncommon,
however, to enter the false lumen during initial catheter
advancement. When this becomes apparent on test injec-
tions, care should be taken to avoid extending the false
lumen, pulling the catheter back and using the techniques
discussed above to re-enter the true lumen.

Surgical repair of Stanford type A aortic dissections
entails Dacron graft placement of the ascending aorta (86). If
the aortic valve is abnormal, it is replaced (87). In contrast,
most patients with type B acute aortic dissections can be
initially treated with medical therapy, reserving surgical inter-
vention for those with signs of impending rupture (persistent
pain and hypotension), ischemia of legs or mesentery, renal
failure, paraparesis, or paraplegia (77). In cases of chronic
dissection, operative treatment should be considered if the
diameter of the descending aorta exceeds 5 to 6 cm or symp-
toms develop. Endovascular stents and balloon fenestration
have been successfully used in treating the ischemic compli-
cations associated with aortic dissection (65,88–90).

Vasculitides

Vasculitis, highlighted by inflammation of the vessel wall,
has two forms that commonly affect the aorta and its
branches. These produce dilation of the proximal aorta,
narrowing or occlusion of large aortic branches, or both.
Takayasu arteritis is characterized by irregularity of the
ascending aorta, narrowing of the descending aorta,
obstructions of arch vessels, and aortic insufficiency or dis-
section (91–93). Therapeutic options include surgical
bypass or balloon angioplasty demonstrating adjunctive
stenting in patients with end organ ischemia (94,95).
Intervention should generally be reserved until acute
inflammation has subsided. 

Giant cell or temporal arteritis is a vasculitis of large and
medium arteries. Angiographic evidence of aortic branch
involvement shows long, smooth stenoses alternating with
relatively normal segments. The intracranial carotid artery
and its branches, or the distal subclavian arteries, are usually
involved, with aortic disease relatively uncommon (96).

Connective Tissue Disorders

Several inherited diseases, including Marfan syndrome,
Ehlers-Danlos syndrome, and hereditary annuloaortic
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ectasia, may be responsible for noninflammatory degener-
ation of the aortic wall. These may lead to aneurysm for-
mation, rupture, or dissection. 

Marfan syndrome is a rare autosomal dominant disor-
der that may affect the aorta, heart, eye, and skeleton.
Cardiovascular complications occur in �50% of patients
(97,98). Cystic medial degeneration accounts for the resul-
tant changes in aortic root dilation with aortic ectasia, aor-
tic insufficiency, aneurysm formation, or dissection (99).
In Marfan syndrome, the aortic dilatation is primarily con-
fined to the aortic root. Asymptomatic aortic dissection
may be seen in approximately 10% of patients. Treatment
for patients with Marfan syndrome and cystic medial
degenerative disease should undergo elective replacement
of the ascending aorta and the aortic sinuses when the
greatest diameter of the aorta is 5.0 to 5.5 cm (100). The
most commonly performed procedure is replacement of
the ascending aorta and the aortic valve with a composite
graft containing Dacron and a mechanical valve prosthesis.
The coronary arteries are reimplanted in the Dacron graft
(101). 

Ehlers-Danlos syndrome is a rare set of genetic disorders
of collagen production. The literature describes more than
nine types of this syndrome with features of hyperextensi-
bility of joints and thick skin. Vascular complications
include vessel thrombosis, rupture, or embolization from
aneurysms (102). 

Thoracic Aortography

Arch aortography has historically been used to examine the
aorta for aortic valve or root disease; suspected aneurysms
or dissections; congenital anomalies such as vascular rings,
coarctation, or patent ductus arteriosus; evaluation of vas-
cular injuries associated with blunt or penetrating chest
trauma; and for examination of stenoses at the origins of
the great vessels. Although TEE, CT, and magnetic reso-
nance arteriography (MRA) have been applied to many of
these clinical settings, aortography remains the gold stan-
dard for aortic imaging. 

Thoracic aortography is usually performed from the
femoral approach. In cases of suspected aortic dissection
with diminished or absent femoral pulses or a history of
catheter-related cholesterol embolization, angiography
may also be performed safely via a brachial access. A high-
flow multi-side-hole (pigtail) catheter is positioned in the
ascending aorta, just above the sinus of Valsalva. Contrast
(40 to 60 mL injected at 20 mL/second) is injected using a
power injector. For cine imaging, 30 frames per second
may be used; for digital imaging four to six frames/second
should be used with breath-holding to minimize motion
artifact. The left anterior oblique (LAO) projection opti-
mally delineates the aortic arch—in the right anterior
oblique (RAO) projection, the ascending and descending
aorta are often superimposed and the origin of the great
vessels tends to be obscured. Use of digital subtraction

angiography (DSA) allows a lower concentration of con-
trast to be used (20 mL/second for a total of 30 mL at four
to six frames/second). The aortogram should be centered
and angulated to provide the maximum information for
clinical setting. For example, aortography used to evaluate
blunt injury should include sufficient imaging of the
descending thoracic aorta, whereas aortography for
ascending aortic dissection should also enable detection of
regurgitation into the left ventricle. 

ABDOMINAL AORTA

Anatomy

The abdominal aorta starts at the level of the diaphragm
(T12) and proceeds anterior to the spine and to the left of
the inferior vena cava until it bifurcates into the common
iliac arteries at the level of the fourth lumbar vertebra (49;
Figure 14.8A). The normal diameter of the midabdominal
aorta varies between 1.50 cm and 2.15 cm, with a slight
increase in size with age and male gender (103). Three
main branches of the aorta originate from its ventral sur-
face. The first is the celiac artery at the level of T12-L1. The
second branch is the superior mesenteric artery (SMA),
which takes off about 1 cm caudal to the celiac axis at the
L1–L2 level. The third is the inferior mesenteric artery
(IMA), which originates at the L3–L4 level and takes off in
an anterolateral direction, slightly to the left. The renal
arteries originate posterolaterally from the aorta at the
level of L1–L2 (just below the SMA). Four pairs of lumbar
arteries arise in a posterolateral direction below the main
renal arteries. 

Clinical Manifestations 
of Abdominal Aortic Disease

In patients with abdominal aortic aneurysms (AAA), the
goals of preoperative imaging are detection, staging, sur-
veillance, and diagnosis of rupture (104,105). Important
information in planning a management strategy includes
the size and length of the AAA, proximal and distal mar-
gins, number, location and patency of renal and mesen-
teric arteries, presence of lower extremity occlusive disease,
and any associated aneurysmal disease (e.g., iliac, hypogas-
tric, femoral, or other intra-abdominal vessels; Fig. 14.6B).
The role of abdominal aortography in the preoperative
assessment of patients with AAA has diminished with the
advent of CT, MRI, and sonography (Fig. 14.7). Preoperative
angiography may be useful in the cases of suspected
suprarenal or juxtarenal aortic aneurysm involvement,
renal or mesenteric artery stenosis, horseshoe kidney, and
iliofemoral occlusive disease. 

Atherosclerotic occlusive disease, or atherosclerosis
obliterans (ASO), may warrant arteriographic examination
of the aorta. ASO may result in complete occlusion of the
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aorta (106; Fig. 14.8C). The cause usually is a chronic
thrombotic occlusion superimposed on severe atheroscle-
rosis of the distal aorta and iliac arteries. Leriche syndrome
is a chronic aortic occlusion that consists of buttock and
thigh claudication, impotence, and the absence of femoral
pulses (107). Congenital coarctation syndromes, which
include Williams syndrome (108), neurofibromatosis
(109), congenital rubella (110), and tuberous sclerosis
(111), may also involve the abdominal aorta and its
branches. Aortography reveals a smooth tapered proximal
and midabdominal aorta with proximal renal artery
involvement and narrowing of the superior mesenteric or
celiac arteries. Middle aortic syndrome (abdominal aortic
coarctation) produces stenoses of the midaorta and its asso-
ciated major branches (112). Treatment options include
surgical bypass or percutaneous transluminal angioplasty
with endovascular stenting in certain cases, although expe-
rience is limited and the exact role of the latter is controver-
sial (113). 

Abdominal Aortography

Abdominal aortography is typically performed from a
femoral approach, using a 4 to 6 French multi-side-hole
pigtail or an Omni Flush diagnostic catheter. If the
femoral pulse is not palpable on either side, alternative
options include translumbar, axillary, brachial, or radial
approaches. The tip of the catheter should be positioned at
the T12 or L1 level, thus placing the side holes adjacent to
the first and second lumbar vertebrae. Contrast medium
should be injected (30 to 50 mL at a rate of 15 mL/sec-
ond). At least four frames/second should be obtained
when evaluating the mesenteric or renal arteries. When
performing arteriography in an aorta with suspected or
known aneurysmal disease or severe atherosclerotic
involvement, meticulous care should be taken to avoid dis-
lodging mural thrombus or plaque, resulting in distal
embolization.

Ideally, two views of the aorta—anteroposterior and lat-
eral—are performed, particularly if the origins of the
mesenteric vessels are being evaluated. Assessment of a
translesional pressure gradient can also be used to aug-
ment angiographic severity of an aortic narrowing. This is
most easily performed by measuring the pressure gradient
between a 4 or 5F catheter above the lesion and the side
port of a long femoral sheath placed at the level of the aor-
tic bifurcation. For aortic lesions, a gradient of 10 mm Hg
is considered significant. Further augmentation of the gra-
dient using vasodilators (200 
g of intra-arterial nitroglyc-
erin) delivered into the lower aorta can also be used.
Intravascular ultrasound (IVUS) provides additional infor-
mation, and is a useful adjunct for aortic intervention by
providing accurate lesion measurements. Although a 15-
MHz transducer provides superior imaging for the aorta, it
requires a larger sheath for access (8F). A 30-MHz (2.4F)
transducer allows superior far-field imaging compared

with a 40-MHz coronary transducer without the need for
up-sizing the arterial sheath. 

SUBCLAVIAN AND VERTEBRAL
ARTERIES

Anatomy

The brachiocephalic, left common carotid, and left subcla-
vian arteries arise from the aortic arch after it passes over
the main pulmonary artery and left main stem bronchus
(49). Whereas the right subclavian artery and right com-
mon carotid originate as branches of the brachiocephalic
trunk (also known as the innominate artery), the left com-
mon carotid and left subclavian usually originate sepa-
rately from the aortic arch. An aortic arch variant in which
the brachiocephalic and left common carotid artery may
have a common origin (i.e., bovine arch), is present in
about 10% of the population (114). The major branches of
the subclavian artery that deserve special attention are the
internal mammary and vertebral arteries; the latter origi-
nate from the superior aspect of the vessel (opposite the
internal mammary) and proceed into the skull through the
cervical transverse processes.

Manifestations of Subclavian Disease

Atherosclerosis of the proximal subclavian artery may
manifest clinically as arm claudication, subclavian steal, or
(in patients with previous internal mammary grafting)
coronary ischemia (115). In classic subclavian steal, steno-
sis or occlusion of the proximal subclavian artery causes
blood from the contralateral vertebral artery to flow ante-
grade across the basilar system and then retrograde down
the ipsilateral vertebral to fill the subclavian artery distal to
the lesion (Fig. 14.9A). In rare cases, this may cause cere-
bral ischemia during upper extremity exercise. In patients
who have undergone internal mammary artery bypass
grafting to a coronary artery, a proximal subclavian
obstruction may cause retrograde flow in the graft during
arm exercise and lead to coronary ischemia (coronary-
subclavian steal; Fig. 14.9B,C). Stenosis of the vertebral
origin is relatively common, particularly at its origin from
the subclavian artery; however, cerebral symptoms are
unusual, given the dual blood supply (from both verte-
brals and from the carotid arteries by way of the posterior
communicating artery) unless both vertebrals are diseased. 

Subclavian and Vertebral Arteriography

An aortic arch arteriogram with a 5 French pigtail catheter can
visualize the origin of the great vessels to evaluate for athero-
sclerotic occlusive disease. (See “Thoracic Aortography.”) The
optimum catheter for selective catheterization of the innom-
inate or subclavian artery depends on the configuration of
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the great vessels of the neck. For the simple origin take off,
angiography can generally be performed with a 5F Davies,
Berenstein, JR4, hockey stick, or VTK catheter. If the arch
aortogram demonstrates an elongated arch, a reverse-
curve catheter such as a 5F VTK or Simmons may be
required. A 30 to 45	 LAO projection is useful for selecting
each of the branches, with the catheters formed and ori-
ented in the ascending aorta and withdrawn sequentially
from innominate to left common carotid to left subcla-
vian. Angiography of the innominate is usually best per-
formed with 30 to 40	 of RAO and mild caudal angulation
to open out the innominate–subclavian bifurcation.
Subclavian and vertebral angiography can generally be
performed in the anteroposterior view, with the addition
of an oblique view (RAO or LAO) if there is suspicion of
an eccentric lesion. The origins of the internal mammary
arteries are often clearly defined in the RAO cranial angu-
lation, a point of particular importance in subclavian
intervention.

If a proximal vertebral artery stenosis is expected, selec-
tive injection of the ipsilateral subclavian artery in the
anteroposterior projection is usually diagnostic. Modest
angulation may sometimes be necessary. Translesional gra-
dients across innominate or subclavian lesions can be per-
formed with either a 0.014-inch pressure wire or simulta-
neous pressures measured between a 4 or 5F catheter
beyond the lesion and the side port of a long 6F sheath
placed in the distal aorta. Augmentation of the gradient
with injection of vasodilators into the distal subclavian cir-
culation can be used to simulate exercise and augment the

gradient. A gradient of 15 mm Hg is considered significant
for subclavian or innominate stenosis.

CAROTID ARTERIES

Anatomy

The brachiocephalic artery bifurcates into the right subcla-
vian and right common carotid arteries as the first main
branch off the aorta. The left common carotid is typically
the second main branch of the aorta. Each common
carotid runs within a fascial (carotid) sheath, lateral to the
vertebrae, and bifurcates into an external and internal
carotid artery branch at the fourth cervical vertebrae.
Although the internal carotid artery normally has no main
branches prior to entering the skull, it forms a tortuous
portion known as the carotid siphon within the cavernous
and supraclinoid segment, after which it divides into the
anterior and posterior cerebral arteries. The external
carotid artery has several major branches named for their
territory of supply. 

Extracranial Carotid Atherosclerosis

Approximately 700,000 strokes occur annually in the
United States, of which 25 to 30% are owing to extracra-
nial carotid artery disease. In the Minneapolis-St. Paul,
Minnesota, metropolitan area during 1985, there were
1,792 hospital discharges with the diagnosis of acute

Figure 14.9 A. Selective left subcla-
vian arteriogram depicting severe ostial
stenosis (arrow) and retrograde flow
through left vertebral artery (white).
B. Arteriogram of subclavian artery in
patient status post CABG with a LIMA
graft and a high-grade ostial stenosis
(double arrow) resulting in poor visualiza-
tion of the graft (arrow). C. Following suc-
cessful stenting of the subclavian artery
stenosis and restoration of antegrade
flow into the LIMA graft.



stroke, representing an event rate of 828/100,000 popula-
tion in men and 551/100,000 in women (116,117).
Patients with carotid disease frequently have severe coro-
nary artery disease. In a population of 506 patients under-
going evaluation for potential carotid revascularization,
16% of patients without clinical clues suggestive of coro-
nary heart disease were found to have severe, surgically cor-
rectable coronary artery disease (118). Even patients with
asymptomatic carotid artery stenosis have an increased risk
of coronary events. In one study of 444 male patients, the
4-year mortality rate was 37%, with 61% of the deaths
owing to coronary artery disease. Multivariate analysis
shows diabetes mellitus, an abnormal electrocardiogram,
and the presence of intermittent claudication to be associ-
ated with an increased mortality risk (two or three risk fac-
tors revealed annual mortality rates of 11.3% and 13%,
respectively). Just the finding of increased carotid intima-
media thickness on duplex ultrasonographic predicts a
higher risk of myocardial infarction or stroke, as much as
3.87 times that compared to patients with minimal thick-
ness (119,120).

Most patients with extracranial carotid artery disease are
identified by the presence of a carotid bruit on physical
examination, with no referable symptoms. Estimates of the
prevalence of asymptomatic carotid bruits in adults range
from 1 % (121) to 2.3 % in patients age 45 to 54 years and
8.2% in patients older than age 75 years (122). Among
patients scheduled to undergo other vascular surgical pro-
cedures, however, the incidence of cervical bruits ranged
from 6% (123) to 16% (124), with a mean prevalence of
10% (125). An asymptomatic carotid bruit carries a 1.5%
annual incidence of stroke and a 3-year stroke risk of 2.1%
(as demonstrated by the European Carotid Surgery Trialists;
126). Among patients with an asymptomatic bruit and
with severe (70 to 99%) carotid stenosis, the 3-year risk of
stroke was 5.7% (127).

Absence of a bruit, however, does not imply absence of
significant carotid disease. In a substudy of the North
American Symptomatic Carotid Endarterectomy Trial
(NASCET), 1,268 patients with recent transient cerebral
ischemia or nondisabling stroke were examined for the
presence of a carotid bruit. Fifty-eight percent of patients
had a bruit localized to the ipsilateral carotid artery, 31%
had a carotid bruit involving the contralateral vessel, and
24% had bilateral carotid bruits. The sensitivity and speci-
ficity of a focal bruit to predict high-grade ipsilateral
carotid stenosis was 63% and 61%, respectively. In this
patient subgroup, absence of a bruit lowered the pretest 70
to 99% probability of a carotid stenosis from 52% only to
40% (128). 

Once established, extracranial carotid artery stenosis
progresses in approximately 20 to 40% of cases. In one
prospective natural history study of 232 patients with mild
(�50%) and moderate (50 to 79%) carotid stenosis fol-
lowed with annual carotid duplex ultrasonography for a
mean of 7 years, 23% demonstrated disease progression.

One half of these patients developed severe stenosis (80 to
99%) or occlusion. Progression to either 80 to 99% steno-
sis or occlusion was more likely in patients whose initial
stenosis was 50 to 79% rather than �50% (129,130). More
recent data in 425 asymptomatic patients with 50 to 79%
carotid stenosis followed for a mean of 38 months demon-
strated progression of stenosis in 17% of 282 arteries with
at least two serial carotid duplex examinations. In general,
this carried a moderately low incidence of ipsilateral stroke
(0.85% at 1 year, 3.6% at 3 years, 5.4% at 5 years; 131), but
patients with 80 to 99% carotid stenosis had an annual
neurologic event rate of 20.6% (132).

Many carotid lesions are discovered only after the patient
begins to experience symptoms, which may vary from tran-
sient monocular blindness (amaurosis fugax) to expressive
or receptive aphasia, hemiparesis/hemiplegia, and mental
status changes. Although these episodic symptoms last min-
utes to hours and then completely resolve, they are harbin-
gers of recurrent and potentially nonreversible events, and
thus warrant urgent evaluation and therapy in an attempt to
prevent a catastrophic stroke. The first study in this evalua-
tion is carotid duplex ultrasonography, which provides two-
dimensional images of the extracranial carotid arteries
and may provide information about plaque morphology
(Fig. 14.10A). Color-coded images can detect increased
velocities of blood flow, which correlate to greater degrees of
stenosis, while Doppler waveforms and velocities can also
be measured to evaluate stenosis severity when performed
by skilled vascular ultrasonographers.(100; Fig. 14.10B)
Once a significant stenosis is identified, contrast or magnetic
resonance angiography (MRA) can be performed to corrob-
orate the ultrasound findings (101; Fig. 14.10C). Conversely,
if the ultrasound is performed by a reliable vascular labora-
tory, many surgeons proceed with endarterectomy based on
this diagnostic test alone (102). A strategy of duplex ultra-
sonography followed by CTA yielded sensitivity of 100%
and specificity of 84% (133). 

Publication of a recent randomized trial comparing
carotid endarterectomy to carotid artery stent placement in
high-surgical risk patients demonstrated noninferiority of
the endovascular procedure, prompting approval of this
procedure in the United States (134; Fig. 14.10D). (See
Chapters 26 and 34.) 

Carotid Arteriography

Carotid arteriography remains the gold standard in assess-
ing the presence and quantitative narrowing of the carotid
and intracerebral vasculature. Despite the advances made
with noninvasive techniques such as duplex ultrasonogra-
phy, MRA, and spiral CTA, selective carotid catheterization
may be indicated to more accurately delineate the degree
of stenosis involving the distal common and internal
carotid arteries, extent of disease at the bifurcation, as well
as information about the intracranial circulation, includ-
ing collateral flow patterns. 
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To completely evaluate cerebral circulation, carotid
angiography should be performed in conjunction with
arch aortography and selective vertebral angiography. Arch
aortography is a crucial first step because it allows charac-
terization of the arch configuration and optimal catheter
selection. Anatomical variations of the typical aortic arch
include origin of the left common carotid from the innom-
inate (bovine arch) seen in 25%, origin of the left vertebral
from the aorta in 3%, or origin of the right subclavian as
the distalmost vessel in 1%. For normal arch anatomy, a
5F Davies, Berenstein, or Headhunter catheter can be
used. For elongated arch anatomy, a retroflexed catheter
such as a VTK or Simmons may be required to selectively
engage the greater vessels. Having engaged the carotid
ostium, the catheter can be advanced over a 0.035-inch
glide wire. 

Once the catheter is beyond the aortic arch, careful
double-flushing is mandatory to minimize risk of
embolization. Injections of diluted low-osmolar contrast
are typically performed with digital subtraction at 4 to
6 mL/second for a total of 8 mL in the common carotid

artery (CCA) with DSA at four or six frames/second, and at
3 to 4 mL/second for a total of 5 to 6 mL in the vertebral
artery. In general, we begin with lower rates and volumes of
contrast in the cerebral circulation and make adjustments
as needed for subsequent images. Angiography should be
extended into the venous filling phase to rule out any
venous abnormality. 

Multiple oblique projections are necessary, including
anteroposterior, lateral, and oblique views to optimally
visualize narrowing at the carotid bifurcation and proxi-
mal ICA. The lateral projection is best to visualize the prox-
imal ICA and carotid siphon. 

The angiographic views commonly used to delineate
the intracerebral course of the internal carotid arteries
includes the Town view (AP cranial to bring the petrous
ridge over the roof of the orbit) and the straight lateral
views. To calculate the percent diameter stenosis, the pro-
jection that demonstrates the highest degree of stenosis
should be used. Many methods of calculating carotid
artery stenosis have been used in previous trials; however,
the NASCET methodology is the most widely accepted. It

Figure 14.10 A. Color duplex image of severely narrowed right ICA. B. Corresponding spectral
waveform of ICA showing accelerated peak systolic and end-diastolic velocities. C. Carotid arteri-
ogram confirming severe stenosis involving the right ICA. D. Arteriogram of carotid bifurcation fol-
lowing successful stenting of stenotic right internal carotid artery (ICA).



compares the stenotic area with the most normal-appearing
artery distal to the stenosis.

RENAL ARTERIES

Anatomy

The renal arteries arise from the lateral aspect of the aorta
at the L1–L2 level (49). Accessory renal arteries may occur
in 25 to 35% of cases and usually supply the lower pole of
the kidney. These may originate anywhere from the
suprarenal aorta down to the iliac arteries.

Atherosclerotic Renal Artery Stenosis

Atherosclerotic renal artery stenosis (ARAS) is clearly more
common than previously believed, with increasing preva-
lence in certain patient populations. In one series of 395
arteriograms performed in patients with abdominal aortic
aneurysms, aortoiliac atherosclerosis, or infrainguinal ath-
erosclerosis, 33 to 50% had a renal artery stenosis of �50%
(135). In 346 patients with aneurysmal or occlusive vascu-
lar disease prompting arteriography, 28% had significant
ARAS. The presence of coronary artery atherosclerosis is
also a marker for ARAS. In a prospective study of 1,302
patients undergoing coronary arteriography, concurrent
abdominal aortography demonstrated significant RAS in
15% of patients. The number of coronary arteries involved
with atherosclerosis also appears to predict the likelihood
of renal artery stenosis in this series. For example, if one
coronary artery demonstrated atherosclerosis, the inci-
dence of significant ARAS was 10.7%. If three coronary
arteries and the left main trunk were involved with athero-
sclerosis, the incidence of ARAS was 39.0% (136).
Conversely, 58% of patients with ARAS had clinically overt
coronary artery disease.

Several clinical clues may suggest the presence of ARAS.
Patients who develop diastolic hypertension after 55 years
of age, who have exacerbation of previously well-controlled
hypertension, who demonstrate refractory hypertension
(uncontrolled hypertension despite treatment with three
antihypertensive medications of synergistic classes at maxi-
mal doses), who develop azotemia after treatment with an
angiotensin-converting enzyme inhibitor, or who present
with malignant hypertension (severe hypertension and
acute myocardial infarction, acute stroke or transient
ischemic attack, aortic dissection, acute renal failure)
should all be suspected of having renal artery stenosis. A
discrepancy in renal size, the physical finding of a systolic
and diastolic abdominal bruit with radiation to one or
both flank regions, unexplained azotemia, or the presence
of diffuse atherosclerosis with hypertension and azotemia
without obvious cause must prompt the physician to
search for renal artery disease. Up to 24% of patients with
ESRD being considered for dialysis in one series had severe

ARAS (137). The 15-year survival of patients committed to
end-stage renal disease (ESRD) because of ARAS was 0%,
compared with 32% in patients committed to dialysis for
other causes such as polycystic kidney disease. 

The natural history of ARAS has been studied exten-
sively in many retrospective series, which suggest that
approximately 50% of renal artery stenoses progress over
time (106). More recent prospective data using duplex
ultrasonography to assess renal artery patency demon-
strated that 48% of renal arteries whose baseline stenosis
was �60% progressed to �60% stenosis after 36 months,
compared with only 8% in vessels with no stenosis at base-
line (138).

A number of noninvasive diagnostic tests have been
used to determine if renal artery stenosis is present.
Historically, rapid-sequence intravenous pyelography was
used, but this test has now been shown to be inaccurate.
Equally inaccurate are plasma renin levels, only elevated in
50 to 80% of patients with RAS (139). Captopril-stimu-
lated nuclear renography is a prominent diagnostic test for
patients with suspected renal artery stenosis, with sensitiv-
ity and specificity in the range of 90% (140). However, in a
recent comparison with clinical clues for the diagnosis of
renal artery stenosis, the isotopic renal scan was no better
than the clinical prediction rule to predict renal artery
stenosis, particularly in the presence of bilateral renal
artery stenosis or impaired renal function. 

Renal artery duplex ultrasonography can be an excellent
test to diagnose renal artery stenosis if performed by a
skilled operator. In one prospective series, of 29 patients
(58 renal arteries) who underwent contrast arteriography
and duplex ultrasonography, sensitivity of the latter was
84%, specificity was 97%, and positive predictive value was
94% for detection of �60% stenosis (141). Using criteria
of peak systolic velocity within the renal artery �180
cm/second, duplex scanning was able to discern between
normal and diseased renal arteries with sensitivity of 95%
and specificity of 90% (142). The ratio of peak systolic
velocity (PSV) in the area of renal artery stenosis compared
with the PSV within the aorta (renal to aortic ratio, or RAR)
of �3.5 predicts the presence of �60% renal artery steno-
sis with a sensitivity of 92%. In another large prospective
series of 102 consecutive patients who underwent both
duplex ultrasonography and contrast arteriography within
1 month of each other, 62 of 63 arteries with �60% steno-
sis, 31 of 32 arteries with 60 to 79% stenosis, and 67 of 69
arteries with 80 to 99% stenosis were correctly identified
by duplex ultrasonography. Occluded renal arteries were
correctly identified in 22 of 23 cases. The overall sensitivity
of duplex ultrasonography was 98%, specificity was 99%,
positive predictive value was 99%, and negative predictive
value was 97% (143).

Limitations of direct ultrasound visualization of the
renal arteries include large body habitus and overlying
bowel gas obscuring identification of the renal arteries.
Some authors have suggested that renal hilar scanning is
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easier and as accurate as complete interrogation of the
renal arteries (144). However, direct comparison of both
techniques has revealed limitations of hilar scanning,
including low sensitivity, inability to discriminate between
stenosis and occlusion, and inadequate determination of
accessory renal arteries. The sensitivity was 67% for hilar
scanning, with a specificity of 89 to 99% (145). Given that
many patients have both main renal artery disease and
intraparenchymal disease, the addition of resistive indices
within the parenchyma may help predict which patients
will benefit from revascularization (146).

Duplex ultrasonography is an excellent method for
determining patency following revascularization (147).
Given the proliferation of endovascular therapy (percuta-
neous angioplasty with stent deployment; 148), duplex
ultrasonography is helpful in detecting restenosis.

Magnetic resonance arteriography has demonstrated
great promise as a highly accurate noninvasive test for the
diagnosis of renal artery stenosis (149,150). Limitations of
this technology, predominantly overestimating degrees of
stenosis, are decreasing with the addition of intravenous
gadolinium, a nonnephrotoxic contrast agent (151), and
perhaps with the addition of captopril (152). 

Computed tomographic angiography (CTA) has
demonstrated efficacy in the diagnosis of renal artery
stenosis. When compared with contrast arteriography, the
sensitivity of CTA is 92%, with specificity of 95% (153).
Recent studies have even suggested the potential use of
CTA in determining the patency of renal artery stents
(154).

Renal Arteriography

Access for renal angiography is most commonly achieved
from the femoral approach. A brachial approach may be
advantageous if there is significant infrarenal aortic
atheroma or aneurysmal disease or an extreme downward
angulation of the renal arteries detected by preprocedural
noninvasive testing. The first stage of renal angiography is
an abdominal aortogram, allowing identification of ostia
of the renal arteries and locating any accessory renal arter-
ies seen in as many as 25% of the population. Frequently,
an aortogram will suffice in ruling out significant renal
artery stenosis. As with abdominal aortography described
above, a 5F multiholed catheter placed at the L1–L2 inter-
space for a power injection of a total of 30 mL at 15
mL/second using DSA at four frames/second is generally
sufficient to provide adequate opacification. If DSA is not
available, the concentration of contrast should be
increased accordingly, a total of 40 mL at 20 mL/second.
In the setting of renal insufficiency, carbon dioxide can
be used as a surrogate contrast agent. In this setting a
bolus dose of 40 to 50 mL of carbon dioxide delivered by
hand injection during breath-holding using DSA (four
frames/second) can allow adequate localization of the
renal artery origins to allow selective angiography. 

Using the abdominal aortogram, or noninvasive imag-
ing, as a guide, the appropriate catheter can be selected for
selective renal arteriography. Commonly used catheters
include 5F internal mammary, hockey stick, or renal
double-curve catheters. For downward angulated renal
arteries, a reverse-curve catheter such as an Omni selective
catheter may be more appropriate from the femoral
approach or a 5F multipurpose catheter from a brachial
approach. Contrast should be injected at a rate of 
5 mL/second for a total of 5 to 8 mL using DSA at four
frames/second. Angiography should include both the arte-
rial phase and the nephrographic phase.

The origin of the renal arteries is variable, necessitating
varied angulations to adequately display the renal ostia en
face. A useful technique is to modify the LAO/RAO angula-
tion while fluoroscopically watching the catheter until its
tip appears maximally opened. Additionally, disease
involving renal bifurcations may require cranial or caudal
angulation to open out the lesion in its full severity. 

If there is evidence of aortic atheroma, either by nonin-
vasive imaging or by aortography, a technique of no-touch
angiography is recommended. In this technique a 0.014-
inch wire is left in the catheter, sitting in the abdominal
aorta to prevent the catheter from dislodging atheroma as
its tip is manipulated toward the renal artery. 

Occasionally, renal angiography will yield equivocal or
indeterminate results, particularly in complex conditions
such as fibromuscular dysplasia, Takayasu arteritis, radia-
tion, aneurysms, or vasculitis. In this setting, measurement
of a trans-stenotic gradient provides useful information
regarding the hemodynamic significance of a stenosis.
Pressure measurement is most accurately measured using a
0.014-inch pressure wire, but alternatively can be per-
formed by measuring the differential pressure between a
4F catheter placed beyond the lesion and a 5 or 6F sheath
or guide placed in the aorta. Gradients greater than 10 mm
Hg mean or 20 mm Hg systolic are considered significant
(Fig. 14.11). 

Intravascular ultrasound (IVUS) provides a further
method of renal artery evaluation for indeterminate
lesions. IVUS is particularly useful in guiding or evaluating
renal intervention. A standard 40-MHZ IVUS catheter
affords sufficient image resolution for most renal sizes
while maintaining a low profile.

PELVIC AND LOWER EXTREMITIES

Anatomy

The bifurcation of the abdominal aorta into the common
iliac arteries (CIAs) occurs at the level of L4–L5 (49;
Fig. 14.12A). The common iliac arteries divide at the lum-
bosacral junction, with the internal iliac arteries (IIAs) tak-
ing off medially and posteriorly, and the external iliac
arteries (EIAs) continuing anteriorly and laterally to the
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groin where they exit the pelvis just posterior to the
inguinal ligament to become the common femoral artery.
The inferior epigastric artery takes off medially at the junc-
tion of the EIA and common femoral artery. The deep iliac
circumflex artery takes off laterally and superiorly.

The common femoral artery (CFA) originates at the
inguinal ligament and then bifurcates (usually at the lower
portion of the femoral head) into the superficial femoral
artery (SFA) anteromedially and the deep femoral artery
(DFA or “profunda”) posterolaterally (Fig. 14.12B). The
DFA has two major branches, the lateral circumflex and
medial circumflex femoral arteries. The SFA proceeds down
the anteromedial thigh and dives deep at the adductor
(Hunter) canal, where it becomes the popliteal artery run-
ning posterior to the femur. Major popliteal branches
include the sural and geniculate (superior, middle, and
inferior) arteries around the knee (Fig. 14.12C).

Below the knee, at the border of the popliteus muscle,
the popliteal artery divides, with the anterior tibial (AT)
artery proceeding laterally and anterior to the tibia toward
the foot. As it passes over the ankle onto the dorsum of the
foot, it continues as the dorsalis pedis (DP) artery. After the
takeoff of the AT, the popliteal continues as the tibiopero-
neal trunk (TPT), which then bifurcates into the posterior
tibial (PT) and peroneal (PER) arteries. The PT courses pos-
teromedially in the calf, whereas the peroneal runs near
the fibula between the AT and PT arteries. The peroneal
artery then rejoins the PT above the ankle via its posterior
division, and the AT via its anterior division (Fig. 14.12D).
On the dorsum of the foot, the DP artery has lateral and
medial tarsal branches. After the PT artery passes behind
the medial malleolus, it divides into medial and lateral
plantar arteries. The lateral plantar and distal DP arteries
join to form the plantar arch (Fig. 14.12E).

Lower-Extremity Arterial Occlusive Disease

The prevalence of peripheral arterial occlusive disease
(PAD) remains difficult to appreciate among the general
population. Since a significant segment of the population
with PAD has no symptoms of the disorder, true preva-
lence rates are difficult to ascertain. Patients with asympto-
matic PAD are at minimal risk of developing critical limb
ischemia that threatens limb survival, with the obvious
exception of the patient who suffers acute limb ischemia
from an embolic event or trauma. Instead, patients first
develop intermittent claudication to some degree before
progressing to rest pain, a nonhealing ischemic ulcer, or
gangrene. 

The United States National Institutes of Health suggests
that lower-extremity arterial occlusive disease causes over
60,000 hospitalizations annually, each stay lasting an aver-
age of �11 days (155). Manifestations of arteriosclerosis
obliterans, namely diminished pedal pulses and carotid
bruits, occur with increasing frequency as the population
ages. Although intermittent claudication occurs more often
in men at any age, physical examination findings of
peripheral arterial disease occur with identical frequency
in men and women (156). Several investigators have
attempted to define the prevalence of PAD using noninva-
sive testing modalities and symptom questionnaires. In
one series of 613 men and women with a mean age of 66
years, using segmental limb blood pressures, Doppler flow
velocities, reactive hyperemia, and pulse reappearance
times, researchers found an 11.7% incidence of large-vessel
PAD (157). Although 11.7% of the population thus had
evidence of PAD, only 2.2% of men and 1.7% of women
had intermittent claudication. In this same population,
however, 20.3% of men and 22.1% of women had

Figure 14.11 A. Abdominal aortogram
demonstrating normal renal arteries. B.
Atherosclerosis of the aorta resulting in bilat-
eral renal artery stenosis. C. Selective injec-
tion of the left renal artery depicting an
apparent moderate degree of luminal nar-
rowing. D. However, an intra-arterial pressure
tracing obtained across the lesion demon-
strates a peak systolic and mean gradient of
23 mm Hg and 12 mm Hg respectively, indi-
cating a hemodynamic significant lesion. 
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Figure 14.12 Normal pelvic and lower-extremity arteriogram.
A. The distal abdominal aorta bifurcating into the iliac arteries. B.
The common femoral artery (CFA) dividing into the deep femoral
(DFA) and superficial femoral arteries (SFA). C. The SFA traversing
the thigh into the popliteal artery as it dives through the adductor
(Hunter) canal. D. The popliteal artery dividing laterally into the
anterior tibial (AT) artery and continuing directly into the tibiopero-
neal trunk (TPT), which bifurcates into the posterior tibial (PT) and
peroneal arteries (PER). E. The dorsalis pedis artery (DP) originates
from the AT artery beyond the ankle and PT artery, which gives off
plantar branches. (CIA, common iliac arteries; IIA, internal iliac
arteries; EIA, external iliac arteries.) 



abnormalities in the femoral or posterior tibial artery
pulse examination. 

The currently accepted methods of determining the
presence of PAD include an historical review of patient
symptoms and atherosclerotic risk factors, physical exami-
nation, and the use of noninvasive vascular tests.
Unfortunately, the history is often quite unreliable for
confirming the diagnosis of PAD, as �50% of patients
actually have classic symptoms of intermittent claudica-
tion (158).

A simple, accurate, painless, and noninvasive test is the
ankle-brachial index (ABI). This test compares the blood
pressure obtained with a handheld Doppler in the dorsalis
pedis or posterior tibial artery (whichever is higher) to the
blood pressure in the higher of the two brachial pressures.
Generally, an ABI �0.9 is considered normal, �0.5 to
�0.9 reflects mild to moderate PAD, and �0.5 suggests
severe arterial occlusive disease. 

It is widely accepted that the presence of PAD increases
the likelihood of myocardial infarction, stroke, renovascu-
lar disease (159), and cardiovascular mortality. The 5-year
survival of a patient with intermittent claudication is only
70%, with 75% of these deaths attributable to cardiovascu-
lar events (160). Many studies have confirmed the associa-
tion between cardiovascular morbidity and mortality and
an abnormal ABI (161–166). Some have suggested that
there is a significant proportion of the population with
asymptomatic PAD, and their risk of cardiovascular mor-
bidity and mortality is similar to their symptomatic coun-
terparts. However, it is assumed that because of their lack
of symptoms, this risk may not be recognized until an
event has occurred. 

The risk factors for the development of PAD include
hypertension, hypercholesterolemia, tobacco use, and
diabetes mellitus. Tobacco use remains the most impor-
tant modifiable risk factor for PAD. Hughson et al. found
that 56% of patients with intermittent claudication were
active users of cigarettes and 24% were former smokers
(167,168). In addition, active cigarette smoking causes
more severe claudication pain and diminished peripheral
circulation in comparison with patients who do not smoke,
leading to a reduction in the exercise capacity of patients
with claudication (169). Finally, the risk of progression of
PAD and atherosclerosis in other vascular beds is signifi-
cantly greater in those patients who continue to smoke as
compared with those who stop smoking. In 343 patients
with intermittent claudication, only 11% stopped smoking
1 year after the diagnosis. Ischemic rest pain developed in
16% of continued smokers after 7 years, whereas none of
the former smokers suffered with rest pain. The incidence
of myocardial infarction 10 years after the diagnosis of clau-
dication was 11% in former smokers and 53% in active
smokers. Ten-year overall survival rates were 82% in former
smokers and 46% in active smokers (170).

Diabetes mellitus and PAD is an ominous combination.
Although the prevalence of PAD is higher in the diabetic

than in the nondiabetic population, it is the relatively
rapid progression to ischemic rest pain and ulceration that
portends a poor prognosis for the patients with diabetes.
There is a twofold to threefold increase in risk of intermit-
tent claudication in diabetic patients when compared with
the nondiabetic population (171). This holds true for both
men and women. The severity of PAD is also greater in the
diabetic population. In a study of 47 patients with diabetes
mellitus, all of whom had intermittent claudication at
baseline, in comparison with 224 patients with intermit-
tent claudication but no diabetes, the incidence of
ischemic rest pain and/or gangrene after 6 years of follow-
up was 40% and 18% respectively (172). The duration of
diabetes and the type of diabetes therapy (i.e., diet, oral
hypoglycemic agent, and insulin) did not play a role in the
incidence or severity of PAD. 

Independent predictors of progression of PAD in dia-
betic patients include a decreased postexercise ankle-
brachial index, increased arm systolic blood pressure, and
current smoking, demonstrating the additive effects of ath-
erosclerotic risk factors on the natural history of PAD
(173). Interestingly, among the risk factors for amputation
in patients with diabetes mellitus, neuropathic symptoms
and lack of outpatient diabetes education are of impor-
tance and must be viewed concomitantly with the location
and severity of PAD (174). Unfortunately, there remains
no definitive evidence that strict glycemic control can pre-
vent macrovascular complications from diabetes mellitus
(175). There are several potential other risk factors for
peripheral arterial occlusive disease including Lp(a) (176),
hyperhomocysteinemia (177), fibrinogen (178), and 
C-reactive protein (179). The specific role of each of these
factors in the prevention and therapy of peripheral arterial
disease remains unclear.

The most common symptom described by patients with
peripheral arterial disease is intermittent claudication.
Although the description of the symptom may vary among
patients from pain to ache to numbness and weakness,
there are several distinct characteristics of intermittent clau-
dication. The discomfort is usually brought on by walking
and alleviated by rest. The discomfort generally involves
muscle groups immediately distal to the arterial segments
involved (i.e., superficial femoral artery stenosis causes calf
discomfort). The onset of intermittent claudication is quite
predictable and occurs at similar distances providing that
the speed, incline, and terrain have remained unchanged.
Patients generally stop, stand, and wait for 1 to 5 minutes
for relief prior to resumption of walking.

Progression to critical limb ischemia is manifest by
ischemic pain at rest, generally in the arch of the foot 
or toes. This occurs with the patient lying supine and 
is relieved by hanging the foot over the bedside.
Paradoxically, patients with ischemic rest pain may note
improvement in their pain with walking. Patients may
resort to sleeping in a reclining chair to provide a depen-
dent position to the foot. Ischemic ulcerations occur as a
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ment required to perform these examinations is signifi-
cantly less expensive than modern color-flow duplex ultra-
sound units. 

Native vessel arterial duplex ultrasonography is widely
performed. This examination is generally accepted as a
method of defining arterial stenoses or occlusions
(Fig. 14.13A). The sensitivity of duplex ultrasonography
to detect occlusions and stenoses has been reported to be
95% and 92%, with specificities of 99% and 97%, respec-
tively (182). Limitations have included tandem stenosis
(183), tibial vessel imaging (184), and difficulty imaging
the inflow arteries (185). Using a 5.0- to 7.5-MHz trans-
ducer, imaging of the suprainguinal and infrainguinal
arteries is performed. The vessels are studied in the sagittal
plane, and Doppler velocities are obtained using a 60	

Doppler angle. Vessels are classified into one of five cate-
gories: normal, 1 to 19% stenosis, 20 to 49% stenosis, 50
to 99% stenosis, and occlusion. The categories are deter-
mined by alterations in the Doppler waveform, as well as
increasing peak systolic velocities. For a stenosis to be clas-
sified as 50 to 99%, for example, the peak systolic velocity
must increase by 100% in comparison with the normal
segment of artery proximal to the stenosis (186; Fig.
14.13B).

Arterial duplex ultrasonography has been used to guide
the interventionist toward appropriate access to a lesion
potentially amenable to endovascular therapy (187;
Fig. 14.13C). This technology has also been used after
endovascular therapy to determine technical success
(188) and durability of the procedure (189; Fig. 14.13D).
Unfortunately, it appears that duplex ultrasonography
soon after balloon angioplasty may overestimate residual
stenosis and may limit the use of this technology after
endovascular therapy (190).

In patients who have undergone surgical bypass graft
revascularization, particularly with saphenous vein, 21 to
33% will develop graft stenosis. Once the graft becomes
thrombosed, secondary patency rates are dismal, so
detection of a graft stenosis should lead to its repair prior
to graft thrombosis—if this is done, an estimated 80% of
grafts can be salvaged (191). A well-organized graft sur-
veillance program is thus crucial to preserving patency of
bypass grafts. In one series of 170 saphenous vein bypass
grafts, 110 stenoses were detected over a 39-month
period. In those grafts that underwent surgical revision
once a stenosis was detected, the 4-year patency was
88%, whereas in those grafts that did not undergo revi-
sion despite the detection of a stenosis, the 4-year
patency was 57% (192). The use of an intensive surveil-
lance program has been less beneficial in prosthetic
grafts (193).

The procedure for graft surveillance is performed in a
similar manner as used in native vessel arterial duplex ultra-
sonography. The inflow artery to the bypass graft is initially
imaged using a 5.0- to 7.5-MHz transducer and a Doppler
angle of 60	. Subsequently, the proximal anastomosis,
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result of trauma to toes or areas where bony prominences
are exposed. Even minimal trauma, such as an ill-fitting
shoe, may result in ulceration. The presence of ischemic
rest pain or ulceration warrants a prompt and aggressive
strategy for revascularization.

Physical examination must include palpation of all
pulses, including the superficial temporal and carotid
arteries, the arteries of the upper extremities, and the arter-
ies of the lower extremities. Auscultation for bruits in the
region of the cervical carotid arteries, abdomen, flank, and
inguinal regions should be routinely performed, and the
phase of the cardiac cycle during which the bruit occurs
should be noted. Attempts to palpate the abdominal aorta
for aneurysmal dilatation should me made. Close inspec-
tion of the feet and toes should include a search for
ischemic ulceration or tinea infection. Kissing ulcerations
between the toes in the web spaces are often subtle and
easily missed on examination.

Once the ankle-brachial index has been performed to
provide objective evidence of the overall severity of PAD,
more specific noninvasive information can be obtained in
the vascular laboratory. The addition of segmental limb
pressures can aid in localizing stenoses or occlusions. A
series of limb pressure cuffs are placed on the thigh (some
centers prefer high- and low-thigh cuffs), calf, ankle, trans-
metatarsal region of the foot, and digit. The ABI is calcu-
lated, and then the pressure is sequentially inflated in each
cuff to approximately 20 to 30 mm Hg above systolic pres-
sure. Using a continuous wave Doppler probe placed at a
pedal vessel, the pressure in the cuff is gradually released,
and the pressure at each segment is measured. If a
decrease in pressure between two consecutive levels of
�30 mm Hg is identified, this suggests arterial occlusive
disease of the artery proximal to the cuff. In addition,
comparing the two limbs, a 20 to 30 mm Hg discrepancy
from one limb to the other at the same cuff level also sug-
gests a significant arterial stenosis or occlusion proximal
to the cuff (180).

Pulse volume recordings (PVR) are plethysmographic
tracings that detect the changes in the volume of blood
flowing through a limb. Using similar equipment as
described previously, the cuffs are inflated to 65 mmHg,
and a plethysmographic tracing is recorded at various lev-
els (181). The normal PVR is similar to the normal arterial
pulse wave tracing and consists of a rapid systolic upstroke
and rapid downstroke with a prominent dicrotic notch.
With increasing severity of disease, the waveform becomes
more attenuated, with a wide downslope, and ultimately,
virtually absent waveforms. 

Ankle-brachial indices, segmental pressures, and pulse
volume recordings are useful objective tests in patients
with suspected lower-extremity arterial occlusive disease or
limb discomfort without an obvious cause, and as a
method of evaluating the success of an intervention, and as
a method of follow-up. The tests are inexpensive, painless,
reproducible, and relatively easy to perform. The equip-
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proximal, mid, and distal graft, distal anastomosis, and
outflow artery are interrogated. Peak systolic and end-dia-
stolic velocities are obtained at each segment and compared
with the segment of graft proximal to the area being stud-
ied. If the ratio of the peak systolic velocity within a
stenotic segment relative to the normal segment proximal
to the stenosis is �2, this suggests 50 to 75% diameter
reduction. The addition of end-diastolic velocities �100
cm/second suggest �75 % stenosis (194). 

Vein bypass grafts should be studied within 7 days of
formation, and then in 1 month, followed by 3-month
intervals for the first year. If the graft remains normal
after year 1, follow-up surveillance should be done every
6 months thereafter. Ankle pressures and waveforms should
be performed at the time of each surveillance study. The
development of a stenosis during a surveillance examina-
tion should prompt consideration toward arteriography,
either with contrast or using magnetic resonance (195).

Magnetic resonance angiography has been promoted as
an excellent method of evaluating the anatomy of the
lower-extremity arteries. Initially touted as a unique and
effective method of identifying angiographically occult
runoff arteries that would be suitable as targets for surgical

revascularization (196), investigators have studied the use
of MR angiography as the sole imaging modality prior to
surgical revascularization (197). Recent comparative trials
of MR angiography and standard contrast arteriography
have revealed high sensitivity and specificity (97.1 and
99.2%, respectively) for MR angiography in patients sus-
pected of having PAD (198).

CTA has also been studied in PAD as a primary method of
diagnosis. Although there is a requirement for the adminis-
tration of iodinated contrast and significant external beam
radiation exposure, images have provided excellent anatomic
visualization of the lower-extremity arteries, even in the most
acute situations (199). Given the impressive advances in the
field of endovascular therapy for PAD with percutaneous
transluminal angioplasty, stent deployment, atherectomy,
and stent-grafting for aneurysmal and occlusive disease, how-
ever, diagnostic arteriography continues to play an important
role in the management of patients with PAD.

Pelvic and Lower-Limb Angiography

Although angiography remains the gold standard for evalu-
ation of peripheral vascular disease (PVD), with improved

Figure 14.13 A. Severe stenosis of the left superficial femoral artery (SFA) as depicted by color
duplex scanning. B. Spectral waveform shows an increased peak systolic velocity of 300 cm/second.
C. Arteriogram confirming a severe SFA stenosis at the corresponding site. D. Nine-month follow-up
arteriogram demonstrating a widely patent SFA at the site of revascularization with adjunctive
pHVEGF165 to accelerate re-endothelialization. 



guidewire and engaging the aorta bifurcation. A 0.035–inch
angled glide wire can be manipulated through the catheter
into the external iliac and used to anchor the catheter as it is
advanced into the common iliac. Alternatively, a 4 or 5F
glide catheter could be placed over the glide wire and selec-
tive angiography performed through it. Alternatives for
engaging the contralateral common iliac include a Cobra,
SOS-OMNI, hook, or internal mammary artery catheters.

No consensus has been reached as to which common
femoral artery should be punctured—that on the side of
the more symptomatic or less symptomatic leg. The advan-
tages of accessing the less symptomatic leg are that groin
complications would not interfere with surgical bypass
procedures, there is less risk of iliac artery trauma (e.g., dis-
section or occlusion), and the option remains to then per-
form an antegrade puncture of the affected leg.

The most favorable angulation for iliac angiography is
the contralateral oblique angle, generally 30 to 40	. Hand
injections or power injections at 10 mL/second for a total
of 10 mL are usually sufficient. Translesional gradients in
the iliac vessels are useful guides to the hemodynamic
severity of a lesion and also to the success of intervention.
A 15-mm Hg gradient is considered significant across an
iliac stenosis.

Lower-extremity arteriography is also easily performed
using a single femoral access point. The ipsilateral lower
limb can be imaged through the common femoral access
sheath, while the contralateral lower limb can be imaged
using the technique described above for crossing the aor-
toiliac bifurcation and selective iliac angiography. The opti-
mal view for the common femoral bifurcation is 30 to 45	

of ipsilateral oblique angulation, performed with a hand
injection of 6 to 8 mL of contrast using DSA at four
frames/second. Runoff of the lower limb can then be per-
formed either in sequential stations using DSA or as a sin-
gle angiographic run. DSA in sequential stations yields
improved resolution and facilitates varied angulation for
each station. In general, the SFA can be imaged in an
anteroposterior view with the addition of an oblique angle
if a stenosis is suspected. The popliteal artery, tibeopero-
neal trunk, and trifurcation are best imaged in an ipsilat-
eral oblique angle (30	). Infrapopliteal runoff can be per-
formed in either an anteroposterior or an ipsilateral
oblique projection. If DSA is used, an image rate of four
frames/second is suitable for above the knee and two
frames/second for beneath the knee. To optimize the visu-
alization of the tibial or pedal arteries, selective catheter
positioning into the superficial femoral artery with the use
of vasodilating agents, such as nitroglycerin (100 to 300

g), papaverine (30 to 60 mg), or tolazoline (12.5 to 25
mg) may enhance digital images (200). 

Intra-arterial pressure monitoring may thus be more
accurate than multiple angiographic images in assessing
the hemodynamic significance of a vascular lesion (201).
There exists no consensus as to the threshold that defines a
significant gradient. However, a resting peak systolic gradient
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noninvasive imaging, it should be reserved only for patients
in whom endovascular or surgical interventions are con-
templated. The history, clinical examination, and noninva-
sive imaging allow a targeted approach to peripheral
angiography. Indications for arteriographic study of the
upper and lower extremities include ischemia (either exer-
tional or resting) owing to atherosclerosis, embolus, throm-
bosis, and vasculitis. Other potential causes warranting
arteriography are peripheral aneurysms, vascular tumors,
trauma, extrinsic compression (e.g., popliteal artery entrap-
ment syndrome, cystic adventitial disease, and vasculitis,
collagen vascular disease, and radiation). 

Pelvic arteriography can be performed from the femoral
or brachial approach. From either access point, a multiholed
catheter (pigtail or Omni Flush) can be passed to the level of
L4–L5 in the abdominal aorta. Power injection in the AP pro-
jection at a rate of 15 mL/second for a total of 30 mL using
DSA at four frames/second will define the aortoiliac bifurca-
tion and common iliac arteries. If an iliac artery occlusion is
suspected, the catheter should be positioned just below the
renal arteries to visualize the lumbar arteries that provide
important collaterals into the pelvis (Fig. 14.14).

Selective angiography of the iliac arteries can similarly be
achieved via femoral or brachial approaches. From the
brachial access, a 5F multipurpose catheter can selectively
engage each common iliac. From the ipsilateral femoral
artery, iliac angiography can be performed by either retro-
grade injections through the access sheath or through a
straight catheter placed retrograde in the common iliac. The
contralateral femoral approach requires engaging the com-
mon iliac by unfolding an Omni Flush catheter using a

Figure 14.14 Pelvic arteriogram showing right iliac artery
occlusion with common femoral artery (arrow) reconstitution via
collaterals.



of 5 mm Hg or an increase greater than 10 mm Hg after
augmentation with a vasodilator (e.g., nitroglycerin) is
considered of hemodynamic significance (187). Intravascular
ultrasound permits direct planimetry of luminar cross-
sectional narrowing, obviating the multiple, oblique views
required to unwind and/or eliminate overlap, which may
obscure important luminal obstructions (202).
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Cardiac Catheterization:

Exercise and Pacing Tachycardia
William Grossmana

Patients with significant heart disease may have entirely
normal hemodynamics when assessed in the resting state
during cardiac catheterization. Because most cardiac symp-
toms are precipitated by exertion or some other stress,
however, it also may be important to assess hemodynamic
performance during some form of stress such as muscular
exercise, pharmacologic intervention (e.g., dobutamine
infusion), or pacing-induced tachycardia. Such an evalua-
tion enables the physician to assess the cardiovascular
reserve and the relationship (if any) between specific symp-
toms and hemodynamic impairment. Physiologic infor-
mation so obtained is often valuable in prescribing specific
medical therapy, selecting patients for corrective cardiac
surgery, and estimating prognosis.

Muscular exercise, both dynamic and isometric, has
been studied extensively in the cardiac catheterization lab-
oratory, and the normal hemodynamic responses are rea-
sonably well understood. There are major differences
between the hemodynamic responses to dynamic exercise
(done either in the supine or the erect position) and the
responses to static, isometric exercise, and these two types
of exercise are discussed separately.

DYNAMIC EXERCISE

During dynamic exertion, skeletal muscles are actively con-
tracting and developing force that is translated into motion

and work. This is accompanied by an increase in both car-
bon dioxide production and oxygen (O2) consumption by
skeletal muscle, and a corresponding increase in alveolar
gas exchange needed to support the higher metabolic rate.
In normal sedentary individuals, the level of O2 consump-
tion during maximal exercise (V�O2

max) can increase about
12-fold in comparison with that during the resting state
(1). Age and fitness also modify V�O2

max. During aging,
there is a decrease in V�O2

max of about 5% per decade.
During athletic training, V�O2

max increases because of
both cardiovascular and skeletal muscle adaptation. In
marathon runners and Olympic-class athletes, V�O2

max
may represent an 18-fold increase in O2 consumption
above the resting state. The increased oxygen require-
ments of muscular exercise are met by both an increase in
the cardiac output and an increased extraction of oxygen
from arterial blood by skeletal muscle, which causes
widening of the arteriovenous oxygen difference (AV O2

difference).
The need for the heart to increase cardiac output appro-

priately for the increase in O2 consumption resulting
from exercise is met by an increase in heart rate and an
increase in stroke volume. The relative contributions of
these increases to the rise in cardiac output depend on the
type of exercise (supine versus upright), the intensity of
exercise, the limitation of diastolic filling at high heart
rates, and the response to sympathetic stimulation.
Metabolic adaptations of exercising muscle include a
switch from use of free fatty acids at rest to an accelerated
breakdown of muscle glycogen stores and enhanced
uptake of bloodborne glucose, which is supplied by

aSome material in this chapter was developed for previous editions by
Drs. Beverly Lorell, Mark Feldman, and Raymond McKay.



increased hepatic gluconeogenesis. Because carbohydrate
metabolism produces more carbon dioxide than fat metab-
olism does, the respiratory quotient (ratio of carbon dioxide
production to O2 consumption) rises from a resting value
of 0.7 to 0.8 toward 1.0. The delivery of bloodborne oxygen
and glucose to working skeletal muscle is enhanced in the
presence of normal vasculature by a reduction in skeletal
muscle vascular resistance mediated by metabolic byprod-
ucts and by sympathetically mediated vasoconstriction else-
where, which causes a redistribution of blood away from
the renal and splanchnic beds to exercising muscle.

Exercise depends on the adequacy of pulmonary func-
tion to increase oxygen supply. During progressive exercise,
there is a linear increase in minute ventilation relative to
the increase in O2 consumption. When the intensity and
duration of exercise are such that insufficient oxygen is
delivered to exercising muscle, anaerobic metabolism of
glucose develops, causing metabolic acidosis and an
increase in respiratory quotient to values �1.0; minute ven-
tilation increases out of proportion to O2 consumption.
Beyond this anaerobic threshold, the accumulation of hydro-
gen ions usually causes skeletal muscle weakness, pain, and
severe breathlessness, followed by exhaustion and cessation
of exercise. It is best to conduct exercise studies in the
catheterization laboratory so that the patient reaches a
steady state level of submaximal exercise below the anaerobic
threshold and exercise can be sustained for several minutes.
This approach permits estimation of cardiovascular reserve
and allows the physician to determine whether the increase
in cardiac output is appropriate for the increase in O2 con-
sumption occurring at that particular level of exercise.

Oxygen Uptake and Cardiac Output

There is a linear relationship between O2 consumption and
increasing workload (Fig. 15.1). Oxygen uptake increases
abruptly after initiation of dynamic exercise, reflecting addi-
tional work needed to overcome inertia of the legs, and then
increases steadily over a few minutes to reach a new steady

state that is directly related to the intensity or level of exercise
(2–4). Simultaneously, the mixed venous blood oxygen satu-
ration decreases to a lower steady level related to the intensity
of exercise, producing an increase in the AV O2 difference.

The cardiac output increases linearly with increasing
workload during both supine and upright exercise in nor-
mal subjects (2–5). As can be seen from the regression
equation for this relationship (Fig. 15.2), for each incre-
ment of 100 mL/minute per m2 of O2 consumption during
exercise, there is an increase in cardiac output of 590
mL/minute per m2.

Exercise Index

The linear relationship between oxygen uptake and cardiac
output during exercise, illustrated in Fig. 15.2, may be used
to assess whether the cardiac output response measured in
an individual patient is appropriate to the level of exercise
and increased oxygen uptake. The regression formula is
CI � 0.0059X � 2.99, where CI is the cardiac index in
liters per minute per square meter of body surface area
(BSA) and X is the O2 consumption in mL/minute per m2

BSA. This formula may be used to calculate the predicted
cardiac index for a given level of O2 consumption (X), and
the predicted cardiac index may then be compared with
the measured cardiac index. Note that this assessment can be
performed at any steady state level of exercise and does not
depend on achieving any specific target level of exertion.
This equation can be used to calculate a predicted cardiac
index by measuring O2 consumption during dynamic exer-
cise. The patient’s actual measured cardiac index during
exercise is then divided by the predicted cardiac index to
determine the deviation from normal:
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Figure 15.1 Oxygen consumption in normal subjects during
exercise. Each group represents a different level of exercise, with
the most intense exercise being performed by group 4. Note the
prompt increase and establishment of a new steady state in oxy-
gen uptake that is directly related to the intensity of the exercise.
(From Donald KW, et al. The effect of exercise on the cardiac out-
put and circulatory dynamics of normal subjects. Clin Sci 1955;
14:37, with permission.)

Figure 15.2 The relationship between cardiac output and oxy-
gen consumption (both indexed for body surface area) during
supine dynamic exercise of varying intensity in normal subjects,
based on the data of Dexter. As can be seen from the regression
equation for this relationship, for each increment of 100 mL/minute
per m2 of oxygen consumption, there is an increase in cardiac out-
put of 0.59 L/minute per m2 or 590 mL/minute per m2. CI, cardiac
index. (Data from Dexter L, et al. Effects of exercise on circulatory
dynamics of normal individuals. J Appl Physiol 1951;3:439.)



Exercise index �

(15.1)

We have termed this ratio the exercise index, since it allows
expression of exercise capacity as a percentage of the nor-
mal response. An exercise index of 0.8 or higher indicates a
normal cardiac output response to exercise.

Exercise Factor

Another way of using this relationship between cardiac out-
put and O2 consumption involves calculation of the exercise
factor, which is the increase in cardiac output with exercise
divided by the corresponding increase in O2 consumption:

Exercise factor �

(15.2)

A normal exercise factor is an increase of 600 mL/minute in
cardiac output per 100 mL/minute increase in O2 con-
sumption. An exercise factor �6.0 indicates a subnormal
response in cardiac output; like an exercise index of �0.8,
such a factor suggests some pathologic process limiting the
heart’s ability to meet the exercise-induced increase in O2

consumption with an appropriate increase in cardiac out-
put, forcing an excessive reliance on oxygen extraction
from arterial blood and widening of the AV O2 difference.

Systemic and Pulmonary Arterial Pressure 
and Heart Rate

Systolic arterial pressure and mean arterial pressure also
increase linearly in relation to O2 consumption during
dynamic exercise in normal subjects, although the response
is somewhat variable (4,6–8). Despite this increase in arterial
pressure, systemic vascular resistance decreases substantially
during dynamic exercise, indicating that the elevated arterial
blood pressure is secondary to increased cardiac output.
Patients who are unable to generate an adequate increase in
cardiac output during dynamic exercise may also increase
their arterial pressure, but in this circumstance systemic vas-
cular resistance does not decline and may actually increase.

The behavior of the pulmonary circulation in response
to dynamic exercise is different from that of the systemic
circulation in normal individuals. Mean pulmonary artery
pressure increases almost proportionally with cardiac out-
put (pulmonary blood flow), so that there is only a slight
decrease in pulmonary vascular resistance, in contrast to
the normal substantial decrease in resistance of the sys-
temic vasculature.

Heart rate increases consistently during both supine and
upright dynamic exercise and tends to increase linearly in
relation to O2 consumption. During dynamic supine exercise
in the catheterization laboratory, tachycardia is the predomi-

Increase in cardiac output (mL/min)

Increase in O2 consumption (mL/min)

Measured cardiac index (L/min/m2)

Predicted cardiac index (L/min/m2)

nant factor in increasing cardiac output. Tachycardia exerts a
positive inotropic effect (the so-called treppe phenomenon),
but increased sympathetic nervous system activity appears to
be the most significant factor leading to enhanced myocar-
dial contractility. In most normal subjects, supine bicycle
exercise is accompanied by an increase in ejection fraction
and other ejection indices of left ventricular (LV) systolic
function with a decrease in LV end-systolic volume.

Several investigators (2,3,6–8) examined the responses
of cardiac output, stroke volume, and heart rate to a given
intensity of supine exercise in normal subjects and showed
that the increase in cardiac output is caused primarily by
an increase in heart rate with a negligible contribution by
increased stroke volume. During repeat exercise when
heart rate is held constant, there is a comparable increase
in cardiac output caused by a marked increase in stroke
volume (7). When heart rate is artificially increased by
electrical pacing in the absence of dynamic exercise, how-
ever, cardiac output remains unchanged and a major fall in
stroke volume occurs (7), indicating that further cardiovas-
cular adjustments are required for an adequate hemody-
namic response to dynamic exercise.

Therefore, to adequately interpret the response to
supine exercise in the catheterization laboratory, it is
important to recognize that the increase in cardiac output
in normal young subjects is caused by a proportionate
increase in heart rate. As discussed later, when chronotropic
reserve is depressed, an appropriate increase in cardiac out-
put relative to O2 consumption depends on the capacity to
augment LV diastolic filling and end-diastolic fiber ten-
sion, leading to an increase in stroke volume by means of
the Frank-Starling mechanism.

Upright Versus Supine Exercise

The contributions of heart rate and stroke volume to car-
diac output differ in supine and upright bicycle exercise.
End-diastolic volumes at rest are near maximum when
normal subjects are supine, smaller when they are sitting,
and smallest when they are standing (4). When subjects
are in the upright position, LV end-diastolic volume, car-
diac output, and stroke volume are lower than when they
are in the supine position (6,8). During erect bicycle exer-
cise, most normal subjects demonstrate an increase in ejec-
tion fraction and reduction in end-systolic volume, some
enhancement of LV end-diastolic volume, and an increase
in stroke volume as well as heart rate. LV end-diastolic vol-
ume and stroke volume tend to increase up to about 50%
of peak O2 consumption and then to plateau or actually
decrease at high levels of exercise (4). At high levels of exer-
cise and fast heart rates, recruitment of the Frank-Starling
mechanism may be blunted by the effects of tachycardia
and limitation of diastolic filling owing to shortening of
diastole. At high levels of upright exercise, stroke volume is
preserved by a progressive decrease in end-systolic volume
and increase in ejection fraction in the presence of a con-
stant or decreased LV end-diastolic volume (4,5).
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Caution must be used in interpreting the relative contri-
butions of inotropic reserve and use of the Frank-Starling
mechanism in patients studied during dynamic exercise in
the catheterization laboratory. The effects of advancing age
profoundly alter the exercise response. In healthy subjects,
there appear to be no age-related changes in resting cardiac
output, ejection fraction, end-systolic volume, or end-dia-
stolic volume (9). With age, there is a reduction in both peak
O2 consumption and cardiac output during exercise. Also,
with advancing age there is a reduction in heart rate and
contractility response during exercise, so that the increase in
cardiac output at any level of exercise is accomplished by
significant increases in end-diastolic volume and in stroke
volume (9,10). Therefore, as discussed earlier, studies of the
effects of dynamic supine bicycle exercise in young adults
have generally shown no change or a fall in LV end-diastolic
pressure (LVEDP) and volume during exercise. In contrast,
studies of older normal subjects or patients with atypical
chest pain and normal coronary arteries have generally
shown that both dynamic supine and upright bicycle exer-
cise are associated with an increase in LVEDP (8,11), which
is consistent with an age-dependent reliance on an increase
in preload during exercise. For example, in a group of 10
sedentary men whose average age was 46 years, there was a
rise in LVEDP from 8  1 to 16  2 mm Hg during supine
bicycle exercise and a rise from 4  1 to 11  1 mm Hg dur-
ing upright bicycle exercise (8). The diminished heart rate
and contractility responses during exercise and resultant
increased dependence on the Frank-Starling mechanism
with aging may reflect an age-related decrease in respon-
siveness to �-adrenergic stimulation (12).

There are also gender-related differences in the normal
response to exercise. Normal men and women can achieve
comparable increases in weight-adjusted peak O2 con-
sumption, heart rate, and blood pressure. However, normal
women generally achieve increases in stroke volume dur-
ing upright exercise through an increase in end-diastolic
volume without an increase in ejection fraction, whereas
normal men exhibit a progressive increase in ejection frac-
tion to peak exercise (13).

The interpretation of normal versus abnormal LV systolic
performance during dynamic exercise may also be compli-
cated by the effects of chronic �-adrenergic blockade.
Studies of the hemodynamic effects of chronic �-adrenergic
blockade on graded exercise in hypertensive but otherwise
healthy young adults have shown that no impairment of
maximal exercise capacity (maximal O2 consumption) or
cardiac output response occurs during chronic �-adrenergic
blockade. �-Blockade, however, causes a reduction in heart
rate at any level of exercise, and this relative reduction in
heart rate is compensated for by both a widening of the AV
O2 difference and an increase in stroke volume, associated
with an increased LV end-diastolic volume and a reduced
arterial blood pressure (decreased impedance to ejection).

In normal beta-blocked subjects, increases in cardiac
output during exercise depend on increasing stroke volume

by means of the Frank-Starling mechanism. Therefore,
the dynamic exercise response of a patient receiving
chronic �-adrenergic blocking therapy may be associated
with an inappropriately low increase in cardiac output rel-
ative to O2 consumption, accompanied by excessive widen-
ing of the AV O2 difference with an increased reliance on
an increase in LV end-diastolic volume. During dynamic
supine exercise in the catheterization laboratory, the find-
ing that an increase in cardiac output depends on an
increase in LV end-diastolic volume (and pressure) could
be caused by either �-adrenergic blockade per se or intrin-
sic impairment of LV systolic function. For these reasons,
strong consideration should be given to discontinuation of
�-adrenergic blocking drugs at least 24 hours before
catheterization if analysis of the hemodynamic response
to dynamic exercise is planned to assess the adequacy of
cardiovascular reserve.

Left Ventricular Diastolic Function

Interpretation of the changes in LV diastolic pressure with
exercise depends greatly on an appreciation of the adapta-
tions in diastolic function that occur. In normal subjects,
multiple adjustments occur to accommodate an increased
transmitral flow into the left ventricle in the face of an
abbreviated diastolic filling period and to maintain low
pressures throughout diastole. Exercise is associated with a
progressive acceleration of isovolumetric relaxation so that
enhanced diastolic filling occurs with minimal change in
mitral valve opening pressure (14). The exercise-induced
enhancement of diastolic relaxation and filling is probably
modulated by both �-adrenergic stimulation and increased
heart rate.

In normal subjects, there is either no change or a down-
ward shift in the LV diastolic pressure-volume relation
during exercise (Fig. 15.3). In the presence of ischemia or
cardiac hypertrophy, however, exercise may provoke an
upward shift in the LV diastolic pressure-volume relation-
ship so that any level of LV end-diastolic volume is associ-
ated with a much higher LVEDP. In such patients, the left
ventricle may be regarded as exhibiting increased chamber
stiffness (decreased distensibility) during exercise. In
patients with coronary artery disease, a transient but strik-
ing upward shift in the LV diastolic pressure-volume rela-
tion is common during episodes of ischemia (15). Patients
with coronary artery disease who develop angina during
dynamic exercise in the catheterization laboratory com-
monly show a marked rise in LVEDP. A careful study of the
dynamics of LV diastolic filling during exercise in patients
with coronary artery disease has been reported by Carroll
et al. (16). These authors studied LV diastolic pressure-vol-
ume relations in 34 patients with coronary disease who
developed ischemia during exercise and compared the
finding with those from 5 patients with minimal cardio-
vascular disease (control) and 5 patients with an akinetic
area at rest from a prior infarction but no active ischemia
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during exercise (scar group). There was an upward shift in
the LV diastolic pressure-volume relationship during exer-
cise-induced ischemia, which was not seen in either the
scar or the control group (Fig. 15.3). Therefore, interpreta-
tion of an exercise-induced rise in LVEDP in patients with
coronary artery disease is complex and may be related to
both a decrease in LV chamber distensibility and an
increase in LV end-diastolic volume secondary to a reduc-
tion in ejection fraction (11,16).

The presence of cardiac hypertrophy is frequently char-
acterized by depression of the rates of LV relaxation and
diastolic filling at rest, and this depression profoundly
impedes LV filling during exercise-induced tachycardia. In
patients with conditions such as hypertrophic cardiomy-
opathy or hypertensive hypertrophic cardiomyopathy, in
whom baseline LV end-systolic volumes are small, there is
no reserve to further enhance systolic shortening, and
abnormal diastolic properties limit the capacity to recruit
the Frank-Starling mechanism during exercise. Furthermore,
tachycardia may provoke ischemia (owing to impaired
coronary vasodilator reserve), accompanied by an upward
shift in the diastolic pressure-volume relationship. These
findings with exercise-induced tachycardia in patients with
coronary disease and/or advanced LV hypertrophy are
remarkably similar to the changes in diastolic function
seen during angina induced by pacing tachycardia, as
described later in this chapter.

Marked abnormalities in LV diastolic function occur
with exercise in patients with clinical evidence of heart fail-
ure but normal resting systolic function (so-called diastolic
heart failure). Kitzman and Sullivan (17) studied seven
patients with New York Heart Association (NYHA) class III

or IV heart failure with one or more documented episodes
of pulmonary edema and no significant coronary artery
disease. All had LV ejection fractions of �50%, without
echocardiographic evidence of regional wall motion
abnormalities or valvular or pericardial disease. Four of
these patients were elderly with a medical history remark-
able only for chronic hypertension. Most patients had
increased LV wall thickness and mass. Patients were stud-
ied by symptom-limited upright exercise with simultane-
ous hemodynamic and radionuclide measurements, and
data were compared to those seen in age- and sex-matched
healthy volunteers who served as controls. As can be seen
in Fig. 15.4, maximum exercise capacity was reduced, and
the cardiac output increased primarily as a result of tachy-
cardia, with no change in stroke volume. Figure 15.5 shows
that LV ejection fraction was normal at rest and with exer-
cise for both patients and control subjects, but there was a
striking rise in pulmonary capillary wedge pressure in
those patients with diastolic heart failure, compared with
the control subjects. Accordingly, these patients clearly
have “pure” diastolic heart failure: Efforts to treat their
heart failure by improving systolic function (e.g., digoxin)
will not be successful. As seen in Fig. 15.6, diastolic disten-
sibility was markedly decreased with exercise in these
patients.

Examples of the Use of Exercise 
to Evaluate Left Ventricular Failure 
in the Cardiac Catheterization Laboratory

Examples of the hemodynamic changes that can occur dur-
ing supine bicycle exercise are shown in Tables 15.1 and
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Figure 15.3 Left ventricular (LV) diastolic pressure-volume relations at rest and during exercise in
patients without heart disease (control), compared with patients with coronary disease who devel-
oped ischemia during exercise (ischemia), and patients with akinetic areas owing to previous infarc-
tion but no active ischemia during exercise (scar). Pressure and volume are averaged at three dia-
stolic points: early diastolic pressure nadir, mid-diastole, and end-diastole. The control group had a
downward shift of the early diastolic pressure-volume relation, but the ischemia group showed an
upward and rightward shift. (From Carroll JD, Hess OM, Hirzel HO, et al. Dynamics of left ventricu-
lar filling at rest and during exercise. Circulation 1983;68:59, with permission.)



15.2. Table 15.1 illustrates the response to 6 minutes of
supine bicycle exercise of a 36-year-old woman with an
idiopathic dilated cardiomyopathy (ejection fraction, 40%)
whose major symptom was exertional dyspnea. Because her
ejection fraction was only moderately depressed and her
hemodynamic values were almost normal at rest, resting
hemodynamic data alone did not clarify whether her car-
diovascular reserve was impaired and whether her exer-
tional dyspnea was likely to be cardiac in origin. During
exercise, the cardiac index increased appropriately in rela-
tion to the increase in O2 consumption, yielding an exer-
cise index of 1.1 and an exercise factor of 8.5:

(15.3)

The increase in cardiac output, however, was accomplished
at the cost of a substantial increase in mean pulmonary
capillary wedge pressure, which rose from 11 to 27 mm Hg.
These data suggest that the patient had some limitation of
inotropic reserve and that her ability to increase cardiac
output depended heavily on use of the Frank-Starling

¢ cardiac index
¢ O2 consumption

�
3,300
387

� 8.5

mechanism. Therefore, her dyspnea can be considered to
be of cardiac origin.

A patient with more severe impairment of cardiovascular
reserve is illustrated in Table 15.2, which shows the response
to 6 minutes of supine bicycle exercise of a 60-year-old man
with idiopathic dilated cardiomyopathy and symptoms of
marked fatigue and dyspnea with minimal exertion. His
chest radiograph showed cardiomegaly with no evidence of
pulmonary edema, and his rest hemodynamics were almost
normal. Supine bicycle exercise was associated with a
marked rise in both left and right heart filling pressures and
a marginal ability to increase cardiac output appropriately in
relation to his increase in O2 consumption. His exercise
index was 0.85, with a low exercise factor at 4.9:

(15.4)

The cause of exercise intolerance in some patients with
LV failure is diminished cardiovascular reserve, so that
inadequate oxygen is delivered to working skeletal muscle
to meet the demands of aerobic metabolism. Other patients

¢ cardiac index
¢ O2 consumption

�
1,700
341

� 4.9
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Figure 15.4 Seven patients with heart failure and normal left ventricular systolic function (open
symbols) compared with 10 age- and gender-matched healthy volunteers (solid symbols) who served
as controls. All subjects underwent upright bicycle exercise with hemodynamic evaluation. Cardiac
output increased for the patients with heart failure as a result of an increase in heart rate, with fixed
stroke volume. PT MAX, patient maximum exercise; NL MAX, normal subject maximum exercise.
(From Kitzman D, et al. Exercise tolerance in patients with heart failure and preserved left ventricu-
lar systolic function: failure of the Frank-Starling mechanism. J Am Coll Cardiol 1991;17:1065, with
permission.)



are not limited by the ability to deliver oxygen to working
skeletal muscle but by the rise in pulmonary capillary
wedge pressure associated with exercise (Table 15.1). As
illustrated in these examples, the relative contributions of

the inability of the heart to augment cardiac output versus
an exercise-induced rise in pulmonary capillary wedge pres-
sure that could impair gas exchange are controversial.
Exercise tolerance in patients with congestive heart failure
is highly variable and correlates poorly with ejection frac-
tion. Studies of the hemodynamic and ventilatory response
to exercise have shown that as the clinical severity of con-
gestive heart failure worsens, there is a progressive decrease
in maximal O2 consumption, premature onset of the anaer-
obic threshold, and declines in both maximal cardiac out-
put and the cardiac output achieved at levels of submaxi-
mal O2 consumption (18,19). Studies of brief exercise
performed by patients with chronic congestive heart failure
have shown that arterial oxygen saturation usually increases
(presumably as a result of increased ventilation) despite
elevation of the pulmonary capillary wedge pressure; maxi-
mal oxygen extraction is normal, and ventilatory mecha-
nisms do not limit maximum O2 consumption, so that
both symptomatic limitation and the inability to normally
increase oxygen delivery are caused by the failure to
increase cardiac output adequately. Conversely, in patients
with depressed LV ejection fraction who can achieve nor-
mal levels of exercise, factors that contribute to normal
exercise capacity include normal augmentation of heart
rate, the ability to increase cardiac output through further
increases in LV end-diastolic volume and stroke volume,
and tolerance of a high pulmonary venous pressure, possi-
bly because of enhanced lymphatic drainage.
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Figure 15.5 Response of left ventricular function to upright
bicycle exercise in the patients with diastolic heart failure (�)
and healthy controls (�) illustrated in Fig. 15.4. Pulmonary
wedge pressure increases dramatically, but left ventricular
end-diastolic volume fails to increase in the patients with heart
failure, compared with healthy age- and gender-matched con-
trols. LV ejection fraction remains normal. The intolerance to
exercise is probably the result of increased pulmonary capil-
lary wedge pressure and the resultant increased lung stiffness
rather than decreased cardiac output or oxygen delivery to
metabolizing tissues. PT MAX, patient maximum exercise; NL
MAX, normal subject maximum exercise. (From Kitzman D, et
al. Exercise tolerance in patients with heart failure and pre-
served left ventricular systolic function: failure of the Frank-
Starling mechanism. J Am Coll Cardiol 1991;17:1065, with per-
mission.)

Figure 15.6 Plot of the relationship between changes in pul-
monary capillary wedge pressure and left ventricular end-diastolic
volume in the patients illustrated in Figs. 15.4 and 15.5. In patients
with diastolic heart failure, the stiff left ventricle cannot dilate nor-
mally (�) in response to the increased venous return of exercise,
leading to a marked rise in left ventricular filling pressure, com-
pared with normal controls (�). (From Kitzman D, et al. Exercise
tolerance in patients with heart failure and preserved left ventricu-
lar systolic function: failure of the Frank-Starling mechanism. J Am
Coll Cardiol 1991;17:1065, with permission.)



Therefore, in patients with severe depression of LV ejec-
tion fraction, the failure to increase cardiac output nor-
mally appears to be related both to the inability to increase
stroke volume and to the inability to increase heart rate,
compared with age-matched subjects (20). This impaired
chronotropic response appears to be caused by an impaired
postsynaptic response to �-adrenergic stimulation that
may be related to several defects, including a reduced car-
diac �-receptor density, “uncoupling” of the �-receptor
and adenylate cyclase activity, and deficient production of
cyclic adenosine monophosphate (21).

Evaluation of Valvular Heart Disease

Valvular Stenosis

Exercise may also be used in the cardiac catheterization
laboratory to evaluate valvular heart disease. Gradients
across the atrioventricular and semilunar valves may
become apparent during exercise and may reach levels that

account for the clinical symptoms of the patient. Exercise
hemodynamics are especially useful when the resting
transvalvular gradient or estimated valve area has border-
line significance.

An example of the hemodynamic changes during
supine dynamic exercise in a patient with moderate mitral
stenosis is shown in Fig. 15.7 and Table 15.3. As the result
of increased mitral valve flow and a decreased diastolic fill-
ing period, the pressure gradient increased significantly,
producing left atrial pressures of sufficient magnitude to
cause symptoms. Cardiac output increased normally, yield-
ing an exercise index of 1.2 and an exercise factor of 5.8:

(15.5)

These data are compatible with mild mitral stenosis and
illustrate the changes in a diastolic pressure gradient across
the mitral valve required to produce an increase in cardiac
output appropriate to the increased oxygen requirements
of strenuous exercise.

¢ cardiac output

¢ O2 consumption
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RESPONSE TO SUPINE BICYCLE EXERCISE IN A 36-YEAR-OLD WOMAN
WITH DILATED CARDIOMYOPATHY

TABLE 15.1

Hemodynamic Parameter Resting Exercise (6 min)

Oxygen consumption index (mL/min per m2) 117 504
Atrioventricular oxygen difference (mL/L) 34 75
Cardiac index (L/min per m2) 3.4 6.7
Heart rate (beats per min) 80 140
Systemic arterial pressure (mm Hg), 130/70 (95) 142/83 (110)

systolic/diastolic (mean)
Right atrial mean pressure (mm Hg) 6 7
Pulmonary capillary wedge mean 11 27

pressure (mm Hg)
Left ventricular pressure (mm Hg) 130/17 142/28
Exercise index — 1.1
Exercise factor — 8.5

RESPONSE TO SUPINE BICYCLE EXERCISE IN A 60-YEAR-OLD MAN
WITH DILATED CARDIOMYOPATHY

TABLE 15.2

Hemodynamic Parameter Resting Exercise (6 min)

Oxygen consumption index (mL/min per m2) 128 469
AV O2 difference (mL/L) 40 96
Cardiac index (L/min per m2) 3.2 4.9
Heart rate (beats per min) 90 141
Systemic arterial pressure (mm Hg), 91/62 (73) 107/67 (88)

systolic/diastolic (mean)
Right atrial mean pressure (mm Hg) 5 20
Pulmonary capillary wedge mean 12 34

pressure (mm Hg)
Left ventricular pressure (mm Hg) 91/16 107/34
Exercise index — 0.85
Exercise factor — 4.9



In evaluating hemodynamic changes across stenotic
valves during exercise, it is often found that the calculated
valve area during exercise varies somewhat from that calcu-
lated on the basis of resting data (it is usually slightly
larger). This variance is usually small and may be related to
actual changes in the degree of valvular obstruction (i.e., a
higher gradient and greater flow may force the stenotic
leaflets to open farther), deficient data, or computational
errors inherent in the assumptions applied to the equation
for calculating valve orifice size.

Valvular Insufficiency

The hemodynamic consequences of valvular insufficiency
with ventricular volume overload may be subtle at rest.

Dynamic exercise, by calling on the heart to substantially
augment its forward cardiac output, may elicit changes in
LVEDP and volume (preload) and in systemic vascular
resistance (afterload) that are useful in assessing the car-
diovascular limitations imposed by the valve lesion. Of
particular importance here is the inability of many
patients with valvular insufficiency to increase forward
cardiac output in an appropriate manner, resulting in a
low exercise index and an abnormal exercise factor.
Dynamic exercise testing is especially valuable in such
patients because the qualitative assessment of valvular
insufficiency from angiograms may be unreliable and
does not correlate well with the extent of functional
impairment.

Figure 15.8 shows the hemodynamic response to dynamic
bicycle exercise for a 55-year-old man with rheumatic heart
disease and mitral regurgitation. The patient was able to
increase cardiac output normally, but mean pulmonary
capillary wedge pressure increased from 18 to 30 mm Hg,
with V waves to 60 mm Hg, during 6 minutes of supine
bicycle exercise. This patient had successful mitral valve
replacement with relief of symptoms.

Performing a Dynamic Exercise Test

Dynamic exercise during cardiac catheterization is easily
performed with a bicycle ergometer while the patient is
supine. A protocol detailing the exercise test should be
prepared beforehand to ensure that all essential data are
obtained. Pressures should be obtained so that the appro-
priate valve gradients can be evaluated, and LV pressure
should be monitored if LV performance is in question.

Supine bicycle exercise tests are performed most easily
when catheterization is done by the arm (e.g., brachial,
radial) and/or neck (e.g., jugular vein) approach. However,
supine bicycle exercise tests can also be done with safety
when catheterization is by the femoral approach if care is
taken to place the right and left heart manifolds and
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Figure 15.7 Simultaneous pressure recordings from left atrium and left ventricle at rest and at 5
minutes of bicycle ergometer exercise in a patient with mitral stenosis. The hemodynamic data for
this patient are presented in Table 15.3.

HEMODYNAMIC CHANGES DURING SUPINE
DYNAMIC EXERCISE IN A PATIENT WITH
MITRAL STENOSISa

TABLE 15.3

Exercise 
Parameter Resting (5 min)

Left atrial pressure (mm Hg)
A 20 34
V 18 46
Mean diastolic 10 26

Left ventricular mean diastolic 1 4
pressure (mm Hg)

Oxygen consumption (mL/min) 207 688
Atrioventricular oxygen 31 74

difference (mL/L)
Cardiac output (L/min) 6.5 9.3
Heart rate (beats per min) 72 108
Mitral value area (cm2) 1.6 1.8
Exercise index — 1.2
Exercise factor — 5.8

aSame patient as in Fig. 15.7.



transducers in a stable and accessible position on the chest,
away from leg motion artifact, and if the femoral venous
and arterial sheaths are visualized and secured in place by
the hand of one operator during exercise to ensure that
catheters and sheaths are not displaced by leg movement.

We usually carry out a supine bicycle exercise test imme-
diately after baseline hemodynamic values and cardiac
output have been measured, before contrast angiography.
The patient’s feet are secured in the bicycle stirrups, and the
right heart, left heart, and systemic arterial catheters and
attached manifolds are positioned so that they are not
kinked or under tension and will not be disturbed during
the exercise. Next, the system for measuring O2 consump-
tion is put in place (see Chapter 8). Alternatively, cardiac
output can be assessed with the use of an indicator dilu-
tion technique (e.g., thermodilution), and O2 consump-
tion can be estimated as the quotient of cardiac output and
AV O2 difference.

Before beginning exercise, the patient is instructed that
he or she will be coached to achieve a certain level of sub-
maximal exercise over the first 1 minute that can be sus-
tained for an additional 4 to 6 minutes. This detailed
patient instruction is useful because some patients may be
accustomed to the different format of progressively graded
exercise aimed at achieving a transient level of maximal,

exhaustion-limited exercise used in upright treadmill tests.
A sufficient number of syringes for measuring systemic
arterial and mixed venous (pulmonary artery) blood oxy-
gen saturation content should be at hand.

With the patient resting quietly and feet positioned on
the bicycle, all manometers are zeroed, phasic and mean
pressures are recorded at 25 or 50 mm/second paper
speed (or electronic equivalent) and at the gain to be used
during exercise, and cardiac output measurements are
repeated to obtain an accurate pre-exercise baseline with
legs elevated in the stirrups. Manometers are zeroed once
again, all pressures are then redisplayed, and paper speed
is slowed (to 5 to 10 mm/second). Exercise is then begun
with all pressures displayed continuously on the monitor
and recorded at slow speed. We generally record LV phasic
pressure, systemic arterial (e.g., radial or femoral artery)
mean pressure, and pulmonary capillary mean pressure
simultaneously. It is desirable to choose a gain setting on
the recorder such that all pressures may be visualized
simultaneously (as shown in Fig. 15.8). At each 1-minute
interval, a brief recording of all three pressures on phasic
at 25 to 50 mm/second paper speed is accomplished,
after which the pulmonary capillary and systemic arterial
pressures are returned to mean and the paper speed is
slowed to 5 to 10 mm/second. The continuous observa-
tion and recording of pressures is important because it
permits the accurate monitoring of any rise in filling pres-
sure or fall in arterial pressure during exercise and ensures
that catheters remain in correct position for measure-
ments at peak exercise.

After the patient has achieved a steady state level of exer-
cise for 4 minutes, simultaneous LV-systemic arterial, LV-
PCW, and PCW-to-pulmonary artery pullback pressures are
recorded during minutes 4 to 6, after increasing the
recorder speed to 50 mm/second without attempting to
rezero the transducers. The right heart catheter is pulled
back to the pulmonary artery, and exercise cardiac output
is measured by the Fick or thermodilution technique, at
which time systemic arterial and pulmonary artery blood
samples are drawn for measurement of oxygen saturation.

Precautions should be taken during exercise to ensure
patient safety. The duration and intensity of the exercise
must be tailored to fit the needs of the individual patient.
The electrocardiogram (ECG) should be monitored con-
stantly to avoid serious arrhythmias, and exercise should
be terminated if significant symptoms or greatly abnormal
hemodynamic alterations occur. Little additional diagnos-
tic information can be obtained by continuing the exercise
to the point of producing pulmonary edema.

ISOMETRIC EXERCISE

Sustained isometric contraction of the forearm flexor mus-
cles produces a cardiovascular reflex consisting of increases
in heart rate, arterial blood pressure, and cardiac output.
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Figure 15.8 Hemodynamic findings during exercise in a 55-
year-old man with mitral regurgitation. Left ventricular (LV), pul-
monary capillary wedge (PCW), and radial artery pressure tracings
are shown before (A) and during (B) the sixth minute of supine
bicycle exercise. PCW mean pressure and V wave increased sub-
stantially with exercise.

A

B



The precise nature of this reflex is not completely under-
stood, but it appears to require afferent neural impulses
from the exercising extremity and may be related to inhibi-
tion of vagal activity. Although the cardiac output response
may be blunted, the anticipated responses in heart rate and
blood pressure are not blocked by administration of pro-
pranolol, indicating that more is involved than a simple
increase in �-adrenergic stimulation.

Hemodynamic Response

The hemodynamic response to isometric handgrip exercise
has been studied in a series of normal subjects and
patients with heart disease (22). In normal adult subjects,
heart rate, systemic arterial pressure, and cardiac output
increase, whereas systemic vascular resistance shows no
change, indicating that the increase in systemic arterial
pressure is caused by the increased cardiac output rather
than by a vasoconstrictor response. No significant or con-
sistent change in LVEDP or stroke volume occurs, whereas
stroke work, a function of both arterial pressure and
stroke volume, usually increases. The augmentation of LV
performance during isometric exercise may be caused by
both increased LV myocardial contractility (22) and the
Frank-Starling mechanism.

Patients with heart disease and decreased LV function or
inotropic reserve commonly show an abnormal hemody-
namic and contractile response to isometric exercise (22).
Although the maximum rate of rise of LV pressure, peak
dP/dt, may increase in diseased hearts, the change is of less
magnitude than in normal subjects. LV stroke work may
increase, remain unchanged, or decrease in response to iso-
metric exercise in pathologic states. This may itself be evi-
dence of compromised LV function but is more apparent
when the change in stroke work is compared with the change
in LVEDP. Significant increases in LVEDP are seen commonly
in the abnormal response to isometric exercise (22) and
indicate decreased inotropic reserve, dependence on the
Frank-Starling mechanism to augment LV performance, and
probably some component of diastolic dysfunction.

Performing an Isometric Exercise Test

Isometric exercise is most commonly performed as sus-
tained handgrip. The subject is first tested to evaluate maxi-
mal voluntary contraction strength. A partially inflated
sphygmomanometer cuff or a specially designed handgrip
dynamometer may be used. This testing may be done before
cardiac catheterization and should be done well before the
actual handgrip test. The patient must be coached and
encouraged to grip as hard as possible when maximal vol-
untary contraction strength is determined. Baseline resting
hemodynamic data should include heart rate, systemic arte-
rial pressure (phasic and mean), LV pressure, and cardiac
output. Cardiac output is most easily determined for this
form of exercise by the indicator dilution method (e.g.,

thermodilution) or by the Fick method with the continu-
ous O2 consumption measurement technique.

Once baseline data are collected, the subject is asked to
grip the dynamometer at a level 30% to 50% of the previ-
ously determined maximal voluntary contraction. Some
coaching is usually required to ensure that the patient sus-
tains the grip. It is important that the patient not do a
Valsalva maneuver during handgrip exercise, and the respira-
tory pattern should be closely observed. Valsalva maneuver
may be avoided simply by engaging the patient in conversa-
tion during the test. We have used 50% maximal voluntary
contraction for 3 minutes, with repeat measurements of
pressures and cardiac output beginning at 2.5 minutes, so
that measurements are completed by 3 minutes and the test
may be terminated. The ECG should be monitored continu-
ously to exclude the appearance of arrhythmias.

PACING TACHYCARDIA

Graded tachycardia induced by atrial pacing was first intro-
duced in 1967 by Sowton et al. (23) as a stress test that
could be used in the cardiac catheterization laboratory to
evaluate patients with ischemic heart disease. They noted
that artificially increasing the heart rate by pacing the right
atrium usually could induce angina in patients with symp-
tomatic coronary artery disease. Moreover, they found that
the degree of pacing stress needed to produce ischemia,
defined in terms of pacing rate and duration, was more or
less reproducible in any given patient. Since this original
report, numerous investigators have described characteris-
tic pacing-induced ECG changes (24–30), alterations in
adenosine production (31,32) and myocardial lactate
metabolism (25,26), hemodynamic abnormalities (33–39),
regional wall motion abnormalities (40,41), and defects in
thallium scintigraphy (42,43). Although agreement on the
overall usefulness of atrial pacing has not been universal, it
is clear that the technique can safely and reliably induce
ischemia in most patients with coronary artery disease and
that information obtained during the pacing-induced
ischemic state is often helpful in the diagnosis and treat-
ment of the patient’s underlying disease.

Hemodynamic Effects of Pacing Tachycardia

The principal form of stress that accompanies pacing
tachycardia is an increase in myocardial O2 consumption
secondary to the increased heart rate and an increase in
myocardial contractility because of the treppe effect (44).
Associated with this increase in myocardial O2 consump-
tion is a reflex coronary vasodilation with an increase in
myocardial blood flow. Apart from these changes in oxygen
demand and supply, pacing tachycardia appears to be asso-
ciated with no major hemodynamic stress, at least in
patients with normal coronary arteries. Artificially increas-
ing the heart rate by pacing the right atrium is accompanied
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by a concomitant decrease in ventricular stroke volume
with little or no overall change in cardiac output. Moreover,
there appears to be no significant change in ventricular
afterload, venous return, or circulating catecholamines
during pacing tachycardia.

Differences Between Pacing Tachycardia 
and Exercise Stress

The physiology of pacing is distinctly different from that
of dynamic or isometric exercise, in which there are not
only increases in heart rate and myocardial contractility
but also major changes in ventricular loading conditions
and cardiac output in response to increased metabolic
demands from the periphery. Because of the differences in
physiology between atrial pacing and exercise, each tech-
nique has relative advantages and disadvantages as a form
of stress testing in the catheterization laboratory. Unlike
pacing, exercise is associated with an increase in both
heart rate and systolic blood pressure. As a result, exercise
is usually capable of achieving a higher rate-pressure prod-
uct (i.e., heart rate � peak systolic pressure) and repre-
sents a more severe form of stress with greater increases in
myocardial O2 consumption. On the other hand, pacing is
not associated with exercise-induced changes in cardiac
output or ventricular loading conditions, and, as a result,
the characterization of ventricular function is easier. In
addition, atrial pacing is superior to exercise for evaluating
myocardial metabolic function, because the rapid rise in
arterial blood lactate and adenosine levels that accompa-
nies exercise may obscure alterations of myocardial lactate
metabolism and adenosine production. Finally, unlike
exercise, with the termination of pacing and the rapid
diminution of myocardial oxygen requirement, myocar-
dial ischemia almost always resolves rapidly (i.e., within 1
to 2 minutes). As a result, the physician has more control
over the amount of stress that the patient experiences, with
very little prolonged ischemia occurring in the poststress
period.

Pacing tachycardia has been used as a form of stress test-
ing in patients with heart disease for more than 30 years.
The technique has been most useful in the assessment of
patients with coronary artery disease.

Method for a Pacing Stress Test

Atrial pacing protocols usually can be conducted in the car-
diac catheterization laboratory without undue prolonga-
tion of the routine catheterization procedure or significant
added risks to the patient. In our experience, pacing is best
conducted after the routine diagnostic aspects of catheter-
ization and usually extends the procedure by no more
than 15 to 30 minutes, depending on the details of the
protocol. It is important that detailed planning of the pro-
tocol be made before the catheterization is begun to help
incorporate the atrial pacing into the routine catheteriza-

tion as much as possible without unnecessary repetition of
maneuvers and excessive prolongation of arterial time.

The type of catheter used for the pacing protocol can
vary depending on the type of information that is to be
evaluated during the pacing procedure. In general, the pac-
ing catheter can be either unipolar or bipolar. If pacing is
to be conducted with simultaneous myocardial metabolic
assessment, a Gorlin or Baim-Turi pacing catheter that
allows simultaneous pacing and coronary sinus lactate
sampling is ideal. Sampling of both coronary sinus lactate
and adenosine has been accomplished (32,45) with the
use of a specially designed catheter placed in the coronary
sinus. If assessment of myocardial O2 consumption is to be
made, a coronary sinus pacing catheter with the capability
of measuring coronary blood flow, such as the Baim
catheter (Elecath, Rahway, NJ), may be used. If pacing is to
be conducted with simultaneous measurement of left heart
filling pressures and cardiac output, then both a pacing
catheter and a second right heart catheter (typically a ther-
modilution flow-directed catheter) may be inserted into
the right side of the heart.

The pacing catheter may be inserted by either venous
cutdown or percutaneous technique from the groin, the
antecubital fossa, or the neck. Use of a coronary sinus pac-
ing catheter usually requires a neck or arm approach for
easier access into the coronary sinus.

Perhaps the most critical part of the atrial pacing tech-
nique is proper placement of the pacing lead because acci-
dental displacement of the pacing tip during pacing can
disrupt the protocol. The pacing lead can be placed at the
junction of the superior vena cava and right atrium, at the
lateral right atrial wall, or in the coronary sinus. Placement
of the pacing lead is most stable at either the first or last of
these positions because displacement of the lead com-
monly occurs from the lateral atrial wall during respira-
tion. Stimulation of the phrenic nerve with subsequent
diaphragmatic stimulation also occurs commonly with
placement of the catheter against the lateral atrial wall. To
avoid problems with displacement of the pacing tip, we
have used a bipolar flared pacing catheter (Atri-Pace I,
Mansfield Scientific, Mansfield, MA).

Once the pacing catheter is positioned in the right
atrium, it is connected to the pulse generator unit. This
unit should be equipped with a fixed-rate mode, pacing at
least to 170 beats per minute (bpm), and a variable output
from 0.5 to 10 mA. Bipolar pacing catheters may be con-
nected directly to the pacemaker unit or attached through
extension wires with alligator clamps. Unipolar catheters
should have their negative pole grounded to the skin via
either a needle electrode or standard ECG plates. Once the
pacing catheter has been positioned properly and con-
nected to the pulse generator, the ability of the pacemaker
to stimulate the atrium and to control ventricular rate
should be assessed. Initially, the output of the generator is
set at 2 to 3 mA, and the pacing rate is adjusted to 10 bpm
faster than the sinus rate. Pacing is then begun, and if there
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is atrial and ventricular capture, the pacing rate is increased
by 10 bpm every 5 seconds until a rate of 150 to 160 bpm
is reached. Inadequate pacing may occur secondary to an
inadequate output of the pulse generator, improper lead
positioning, or the development of atrioventricular block.
The output of the pulse generator may be increased, but, in
general, stimulating energies in excess of 7 to 8 mA fre-
quently result in painful phrenic nerve stimulation. If
excessively high energies are required for capture, the elec-
trode lead should be repositioned. If atrioventricular block
develops at high stimulatory rates, 1 mg atropine may be
administered intravenously: This usually ensures adequate
atrioventricular conduction up to rates of 140 bpm or
more.

After the lead has been properly positioned and an ade-
quate trial of pacing to assess capture has been performed,
the actual pacing protocol may be done. A pacing stress test
usually begins with pacing at approximately 20 bpm above
the baseline rate, with increases of 20 bpm every 2 min-
utes, until angina pectoris or characteristic hemodynamic
alterations occur, or until 85% of maximum age-predicted
heart rate is achieved. Placement of a thermodilution bal-
loon-tip flow-directed catheter, a left heart catheter, and a
radial arterial cannula (or femoral arterial sheath side
arm) before pacing allows simultaneous assessment of
right- and left-sided heart pressures, cardiac output mea-
surement by thermodilution and/or Fick method, and
determination of systemic and pulmonary vascular resis-
tances. Assessment of LV volumes also may be accom-
plished with standard angiographic, echocardiographic, or
radionuclide techniques.

Following the induction of chest pain during pacing
tachycardia, pacing may be continued at the same heart
rate safely for up to 3 to 5 minutes, during which hemody-
namic, metabolic, and ECG data may be obtained. After
cessation of pacing, chest pain usually resolves quickly, but
it may occasionally persist for up to 1 to 2 minutes after
the return to sinus rhythm.

Pacing-Induced Angina

Initial reports on the use of atrial pacing tachycardia sug-
gested that pacing-induced angina was a sensitive marker
for the presence of ischemic heart disease and could serve
as a suitable ischemic end point of pacing protocols (23).
Specifically, the induction of angina was thought to mark a
highly reproducible anginal threshold defined in terms of
pacing rate and duration. Subsequent investigators have
found, however, that chest pain is neither a sensitive nor a
specific indicator of the presence of coronary artery dis-
ease. For example, Robson et al. (28) demonstrated that
chest pain could be elicited in 80% of patients with nor-
mal coronary arteries if they were paced at extremely high
rates (in excess of 180 bpm). Moreover, Chandraratna et al.
(46) demonstrated the absence of angina in some patients
with coronary artery disease who were stressed with pacing

tachycardia at a high rate. Similarly, in terms of defining
anginal threshold according to the pacing rate and dura-
tion, as many as 20% of individuals have been shown to
have considerable variation in these parameters (47). In
view of these results, it is clear that chest pain alone should
not be used as a reliable marker for the presence of pacing-
induced ischemia. However, improved sensitivity and
specificity of pacing-induced chest pain are noted when
additional evidence of ischemia, such as pacing-induced
ECG changes or myocardial metabolic abnormalities, is
present.

Electrocardiographic Changes in Response 
to a Pacing Stress Test

Like pacing-induced angina, the presence of ischemic ST-
segment depression during pacing tachycardia has not
been regarded previously as a sensitive or specific marker
for the presence of coronary artery disease. For example, in
terms of sensitivity, Rios and Hurwitz (27) compared pac-
ing tachycardia and exercise in 50 patients and found diag-
nostic ECG changes with pacing in only 20% with pacing
tachycardia, compared with 83% with exercise. Similarly,
in terms of specificity, Robson et al. (28) reported ST-seg-
ment depression of 1.5 mm or more during pacing tachy-
cardia in as many as 80% of patients with normal coronary
arteries. In addition to poor overall sensitivity and speci-
ficity, pacing tachycardia is associated with certain distor-
tions of the ECG that sometimes make interpretation of
ischemic ST-segment changes difficult or impossible.
Pacing is associated with prolongation of the PR interval in
most patients, and extreme prolongation of this interval
can cause the pacemaker spike to fall within the ST seg-
ment of the preceding paced complex, thereby obscuring
potential ST-segment changes.

Despite the previously reported poor utility of pacing-
induced ECG changes, work from our laboratory (29) has
suggested an improved sensitivity and specificity of
ischemic ST-segment depression during pacing tachycardia
if certain technical guidelines of the pacing protocol are
followed. Several earlier pacing trials that reported a low
sensitivity of pacing ECG changes used only limited three-
lead recording, and it is clear, at least with standard exer-
cise testing, that sensitivity can be improved substantially
with full 12-lead monitoring.

To maximize the utility of pacing-induced ECG changes,
pacing trials should be conducted with the use of the fol-
lowing guidelines. First, a 12-lead ECG is used for moni-
toring, and the ECG is regarded as positive for myocardial
ischemia if ≥1 mm of horizontal or downsloping ST-seg-
ment depression is produced. Second, pacing tachycardia
is terminated when 85% of maximal age-predicted heart
rate is achieved or when typical ischemic chest pain is
accompanied by diagnostic ECG changes. Finally, if
marked prolongation of the PR interval distorts the preced-
ing ST-segment changes, the ECG is considered positive for
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ischemia only if there is ST-segment depression in the first five
beats after the discontinuation of the pacing stimulus.

Using these guidelines, actual pacing protocols con-
ducted in our experience had an overall sensitivity and
specificity of 94% and 83%, respectively, with regard to
pacing-induced ECG changes. In addition, distortion of
the ST segment by the pacing stimulus because of marked
prolongation of the PR interval appeared to occur infre-
quently when the peak pacing rate was no higher than
85% of the maximum age-predicted heart rate. Moreover,
in at least one subgroup of patients who were tested with
both atrial pacing and standard treadmill exercise (29), the

concordance between pacing-induced and exercise-
induced ECG changes was 90%. Examples of pacing-
induced and exercise-induced ECG changes are shown for
a patient with normal coronary arteries in Fig. 15.9A and
for a patient with coronary artery disease in Fig. 15.9B.

The sensitivity of pacing-induced ECG changes may be
further improved with the use of endocardial electrograms
obtained during the pacing stress test. Nabel et al. (30)
reported on the use of local unipolar electrograms recorded
from the tip of a 0.064-cm-diameter guidewire positioned
against the endocardial surface of potentially ischemic
regions. Endocardial electrograms, LVEDP, and multiple
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Figure 15.9 A. Electrocardiographic (ECG) response to atrial pacing and exercise stress in a man
with normal coronary arteries. From top to bottom, leads V4, V5, and V6 are monitored. B.
Comparison of ECG response to atrial pacing and exercise stress in a man with severe three-vessel
coronary artery disease. Leads V4, V5, and V6 are monitored (top to bottom) as in A. ST depression
occurs to the same degree with both types of stress. (From Heller GV, et al. The pacing stress test: a
reexamination of the relation between coronary artery disease and pacing-induced electrocardio-
graphic changes. Am J Cardiol 1984;54:50, with permission.)



surface ECG leads were recorded before, during, and after
rapid atrial pacing in 21 patients with coronary artery dis-
ease. Before pacing, endocardial electrograms in all 21
patients were free of ST-segment elevation. After rapid atrial
pacing, marked ST-segment elevation was apparent in 17 of
the 21 patients. This ST-segment elevation could be abol-
ished in all patients with the use of nitroglycerin. Moreover,
in several patients, endocardial ST-segment elevation after
pacing was abolished by successful percutaneous coronary
angioplasty of the critically stenosed artery supplying the
ischemic region of myocardium. The authors concluded
that endocardial electrographic changes are a reliable
marker of pacing-induced myocardial ischemia and may be
more sensitive than angina, pacing-induced hemodynamic
changes, or ST-segment depression on the surface ECG.

Myocardial Metabolic Changes Induced 
by a Pacing Stress Test

Abnormal myocardial metabolism has been documented
during pacing-induced ischemia by means of coronary sinus
sampling and the subsequent measurement of coronary
arterial and venous blood lactate. Because lactate produc-
tion is a byproduct of anaerobic glycolysis, its production by
the heart and appearance within the coronary sinus is a sign
of myocardial ischemia. Previous investigators have noted
rapid increases in coronary sinus lactate levels during pacing
tachycardia in patients with coronary artery disease, often
before the appearance of angina (25,26). With cessation of
pacing, the elevated coronary sinus lactate concentrations
fall rapidly, representing a washout of the accumulated
myocardial lactate and diminished lactate production as
normal oxygenation is restored. Monitoring of arterial lac-
tate levels while coronary sinus lactate levels are rising usu-
ally shows little or no elevation, in marked contrast to arter-
ial lactate levels during exercise. As a result, atrial pacing
tachycardia is superior to exercise for evaluating abnormal
myocardial metabolic function because rapidly rising arter-
ial lactate levels during exercise may obscure abnormal pat-
terns of myocardial lactate metabolism.

Monitoring of coronary sinus lactate during pacing pro-
tocols is most easily accomplished with a Gorlin pacing
catheter. Placement of the Gorlin catheter in the coronary

sinus usually can be confirmed by injection of a small
amount of contrast medium. Care must be taken not to per-
forate either the coronary sinus or the great cardiac vein,
and not to place the pacing tip of the catheter too distally
because placement of the distal catheter into the great car-
diac vein may result in ventricular rather than atrial pacing.

Arterial and coronary venous blood lactate concentra-
tions in response to a pacing stress test are illustrated in Fig.
15.10. In the control state, the concentration of coronary
sinus blood lactate is lower than lactate concentration in
arterial blood, reflecting the fact that the heart normally
consumes lactate as a fuel. During pacing tachycardia, coro-
nary sinus blood lactate concentration rises progressively
and exceeds arterial blood lactate concentration, reflecting a
shift to anaerobic metabolism of the ischemic myocardium.
The lactate falls rapidly after discontinuation of pacing
because the heart rate returns to control immediately.

There has been renewed interest in using coronary sinus
adenosine as a marker of myocardial ischemia. Adenosine, a
metabolite released by ischemic myocardium, elicits an
increase in coronary artery blood flow in response to a
decrease in the ratio of myocardial oxygen supply to
demand. As a result, adenosine should be a more sensitive
marker of myocardial ischemia than lactate, which requires
anaerobic glycolysis. An early report demonstrated that
adenosine is increased in the coronary sinus blood of
patients with ischemic heart disease during pacing tachycar-
dia (31), and later Feldman et al. (32) made several method-
ologic improvements regarding adenosine measurements. A
double-lumen “metabolic” catheter was used that allowed
the addition and mixing of a solution to stop adenosine
metabolism at the tip of the catheter. Adenosine has a half-
life of less than 1.5 seconds in human blood. Furthermore,
there are numerous sources of artifactual adenosine produc-
tion in human blood. It is therefore essential that a solution
that inhibits both the breakdown and the production of
adenosine be mixed with human blood at the site of collec-
tion. Using this technique, adenosine was demonstrated to
be a more sensitive marker of myocardial ischemia than lac-
tate (32). Each patient with coronary artery disease (N � 9)
atrially paced to ischemia demonstrated at least a 1.5-fold
increase in coronary sinus adenosine. In contrast, only three
of these nine patients had lactate production. In a subsequent
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Figure 15.10 Mean values for arterial (ART) and coronary
sinus (CS) blood lactate concentrate before (control), during
(pacing), and after (recovery) tachycardia in 17 patients with
coronary artery disease. Left ventricular end-diastolic pressure
(LVEDP) changed little during pacing tachycardia but was ele-
vated during brief periods of interruption of pacing (values in
parentheses). ST-segment depression developed progressively
during pacing tachycardia and resolved in recovery. Lactate
extraction shifted to lactate production during ischemia, and
this persisted into recovery for a brief period. (From Parker JO,
Chiong MA, West RO, et al. Sequential alterations in myocardial
lactate metabolism, S-T segments, and left ventricular function
during angina induced by atrial pacing. Circulation 1969;40:
113, with permission.)



study with improved methodology (48), patients with coro-
nary artery disease (N � 17) were found to have higher coro-
nary sinus adenosine concentrations than a control group of
patients (N � 6) at rest. This finding provides evidence that
release of endogenous adenosine may be an intrinsic home-
ostatic mechanism to maintain resting flow distal to a
stenotic coronary artery.

Hemodynamic Changes During a Pacing
Stress Test

Patients without ischemic heart disease who are stressed by
atrial-paced tachycardia generally demonstrate no signifi-
cant change in cardiac output, mean arterial pressure, AV
O2 difference, or systemic vascular resistance. LVEDP and
pulmonary capillary wedge pressure usually fall during
pacing tachycardia and then return to prepacing baseline
levels in the immediate postpacing period. LV end-dia-
stolic and end-systolic volumes fall during pacing tachycar-
dia, with a decrease in stroke volume and no significant
change in ejection fraction.

Patients with coronary artery disease who are paced to
ischemia likewise manifest no significant change in cardiac
output, mean arterial pressure, AV O2 difference, or systemic
vascular resistance. Some investigators have documented
slight decreases in cardiac output with slight increases in
mean arterial pressure, AV O2 difference, and systemic resis-
tance. However, these differences are probably related to the
intensity of pacing-induced ischemia, its duration before the
measurement of hemodynamic variables, and the amount of
myocardium that has become ischemic, with more extensive
hemodynamic abnormalities occurring in the setting of
more extensive myocardial ischemia. The most dramatic dif-
ferences in pacing hemodynamics between patients with

normal coronary arteries and those with coronary artery dis-
ease are seen in terms of LV pressure-volume relationships
during pacing tachycardia and in the immediate postpacing
period. Of note, LV filling pressures do not show the progres-
sive decrease seen in nonischemic patients, and elevations in
pulmonary capillary wedge, mean pulmonary artery, and
occasionally LV end-diastolic pressures occur at maximum
pacing. Most important, there is an abrupt rise in LVEDP in
the immediate postpacing period. Similarly, LV end-diastolic
and end-systolic volumes decrease less during pacing-
induced tachycardia in patients with ischemic heart disease
compared with normal subjects, and there is often a signifi-
cant decrease in LV ejection fraction.

A study looking at pressure-volume relationships dur-
ing pacing tachycardia conducted by us (49) illustrates well
the differences between nonischemic and ischemic hemo-
dynamic responses to pacing. In this study, 22 patients,
including 11 patients with normal coronary arteries and 11
with significant coronary artery disease, underwent
sequential atrial pacing with simultaneous monitoring of
LV pressure and ventricular volume measured by gated
radionuclide ventriculography. Using synchronized LV
pressure tracings and radionuclide time-activity volume
curves, three sequential pressure-volume diagrams were
constructed for each patient, corresponding to baseline,
intermediate, and maximum pacing levels. All 11 patients
with coronary artery disease demonstrated angina and sig-
nificant ST-segment depression at maximum pacing, but
none of the 11 patients with normal coronary arteries
showed any evidence of pacing-induced ischemia.

Figure 15.11 shows typical LV pressure-volume curves
for a patient with normal coronary arteries stressed with
pacing tachycardia. Notably, there is a progressive leftward
shift for the loop, with an increased heart rate and a pro-
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Figure 15.11 Sequential left ventricular pressure-volume diagrams for a patient with normal
coronary arteries in response to atrial pacing tachycardia at three increasing heart rates (see text for
discussion). (From Aroesty JM, et al. Simultaneous assessment of left ventricular systolic and dia-
stolic dysfunction during pacing-induced ischemia. Circulation 1985;71:889, with permission.)



gressive downward shift in the LV diastolic pressure-vol-
ume limb of each pressure-volume curve. It is clear that
changes in both systolic and diastolic function have
occurred in these patients during pacing tachycardia. In
terms of systolic function, the progressive leftward shift of
the end-systolic portion of the loop presumably represents
increased contractility secondary to a treppe effect. Other
investigators (44) have likewise demonstrated a positive
inotropic stimulus in response to increased heart rate, with
increases in isovolumetric contraction indices (e.g., dP/dt)
and ejection-phase indices (e.g., circumferential fiber
shortening) during pacing tachycardia. With respect to
diastolic function, the progressive downward shift of the
diastolic limbs seen in Fig. 15.11 suggests that LV distensi-
bility has increased slightly during pacing tachycardia.
Whether this downward shift is related to an increase in
myocardial relaxation, an alteration in viscoelastic proper-
ties, or a change in factors extrinsic to the myocardium
(e.g., right ventricle, pericardium) is not known. It is
notable that some investigators have documented small
increases in markers of diastolic relaxation during pacing-
induced tachycardia, such as peak negative dP/dt (50) and
the time constant tau (51) in normal animals and the peak
rate of posterior wall thinning (52) and LV internal dimen-
sion changes in humans.

Figure 15.12 shows sequential LV pressure-volume dia-
grams for a patient with coronary artery disease whose
heart rate was increased progressively by atrial pacing. All
patients in our study who developed chest pain and
ischemic ECG changes demonstrated a similar pressure-
volume pattern with an initial shift of the pressure-volume
loop to the left at an intermediate heart rate, followed by a

rightward shift at peak pacing when ischemia developed.
In terms of systolic function, it is clear that pacing resulted
in an initial treppe effect with a leftward shift of the end-
systolic portion of the diagram at intermediate pacing,
followed by systolic failure at peak pacing with an
increase in ventricular volumes and a rightward shift in
the end-systolic portion of the curve. Similarly, in terms of
diastolic function, it is evident that the patient did not
show a progressive downward shift of the diastolic limb of
the LV pressure-volume curve, but actually experienced
an upward shift at intermediate and peak pacing. In part,
the increase in LVEDP at peak pacing is related to systolic
failure with an increase in ventricular volume. Because the
patient did not experience evidence of systolic failure at
the intermediate pacing level, however, it is also clear that
this patient has experienced a primary decrease in LV dia-
stolic distensibility so that pressure is higher at any given
chamber volume throughout diastole.

Speculation has continued over the last three decades as
to whether the increase in diastolic pressures during pacing-
induced ischemia is related to a primary decrease in disten-
sibility or is secondary to systolic failure with increases in
ventricular volume. At present, it seems clear that both
mechanisms play some role in creating the elevated dia-
stolic pressures. The evidence, however, suggests that changes
in diastolic distensibility actually precede altered systolic
function (49).

The cause of the altered diastolic distensibility during
pacing-induced ischemia has been debated, and a num-
ber of different mechanisms (35–38,53,54) have been
proposed, including incomplete myocardial relaxation,
altered diastolic tone, partial ischemic contracture of some
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Figure 15.12 Sequential left ventricular pressure-volume diagrams in a patient with three-vessel
coronary artery disease who was paced at three increasing heart rates. The patient developed
angina and ischemic ST depression at peak pacing. (See text for discussion.) (From Aroesty JM, et al.
Simultaneous assessment of left ventricular systolic and diastolic dysfunction during pacing-induced
ischemia. Circulation 1985;71:889, with permission.)



myofibrils within the distribution of the stenotic or
occluded coronary artery, altered right ventricular loading,
and influence of the pericardium. At present, it seems
likely that relaxation of myocardial cells within the
reversibly ischemic region is slowed and does not proceed
to completion by end-diastole (53,54). This may be related
to impaired diastolic calcium sequestration by sarcoplas-
mic reticulum, but data are insufficient to permit a firm
conclusion.

The postpacing rise in LVEDP is perhaps the most con-
crete evidence of pacing-induced ischemia during atrial
pacing protocols. In our protocols, this postpacing rise has
been calculated on beats 5 through 15 after discontinua-

tion of pacing, with �5 mm Hg increase in LVEDP in com-
parison with the prepacing baseline being considered
abnormal. Figures 15.13 and 15.14 summarize hemody-
namic changes in patients with normal coronary arteries
and in those with ischemic heart disease in response to a
pacing stress test.

Quantification of the hemodynamic alterations induced
by pacing tachycardia may also be useful in assessing
myocardial performance in patients with other forms of
cardiac disease. Feldman et al. (55) used atrial pacing
tachycardia to evaluate the systolic and diastolic myocar-
dial reserve of patients with dilated cardiomyopathy.
Pacing-induced changes in LV pressure and volume in
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Figure 15.13 Changes in cardiac index, systemic vascular resistance (SVR), and arteriovenous
oxygen (AV O2) difference in 5 patients with normal coronary arteries and 20 patients with coronary
artery disease (CAD) during pacing tachycardia. Patients with CAD showed a significant decrease in
cardiac index and increases in SVR and AV O2 difference during maximum pacing tachycardia. (From
McKay RG, et al. The pacing stress test reexamined: correlation of pacing-induced hemodynamic
changes with the amount of myocardium at risk. J Am Coll Cardiol 1984;3:1469, with permission.)

Figure 15.14 Changes in left ventricular end-diastolic pressure (LVEDP), mean pulmonary capil-
lary wedge pressure (PCW—), and mean pulmonary artery pressure (PA—) in 5 patients with normal coro-
nary arteries and 20 patients with coronary artery disease (CAD) during maximum pacing tachycar-
dia and immediately after pacing. Patients with CAD showed significant elevations of PA and PCW at
maximum pacing and of LVEDP immediately after pacing. (From McKay RG, et al. The pacing stress
test reexamined: correlation of pacing-induced hemodynamic changes with the amount of
myocardium at risk. J Am Coll Cardiol 1984;3:1469, with permission.)



seven patients with dilated cardiomyopathy (mean LV ejec-
tion fraction, 19%) were compared with findings in six
patients with normal coronary arteries and normal LV
function (mean LV ejection fraction, 69%). The patients
with normal LV function demonstrated significant increases
in LV peak positive dP/dt, LV end-systolic pressure-volume
ratio, and LV peak filling rate during graded increases in
heart rate with atrial pacing. They also exhibited a progres-
sive leftward and downward shift of their pressure-volume
diagrams, compatible with increased contractility and
enhanced diastolic distensibility in response to pacing
tachycardia. In contrast, patients with dilated cardiomy-
opathy demonstrated no increase in either LV peak posi-
tive dP/dt or the end-systolic pressure-volume ratio and
absence of a progressive leftward shift of their pressure-
volume diagrams. Moreover, patients with dilated cardiomy-
opathy demonstrated no increase in LV peak filling rate
and a blunted downward shift of the diastolic limb of their
pressure-volume diagrams. These data suggest that patients
with dilated cardiomyopathy demonstrate little or no
enhancement of systolic and diastolic function during
atrial pacing tachycardia, indicating a depression of both
inotropic and lusitropic reserve.

Regional Wall Motion Abnormalities During a
Pacing Stress Test

Regional wall motion abnormalities during pacing-induced
ischemia have been noted with contrast ventriculography,
gated radionuclide ventriculography, and transesophageal
echocardiography. Using contrast ventriculography, Dwyer
(40) studied eight patients with coronary artery disease
who were paced to angina and found that three developed
regional hypokinesis in one area, while the remaining five
developed at least two separate areas of hypokinesis or aki-
nesis. In all cases, an associated coronary artery lesion could
be identified in the vessel that supplied the area of the new
regional wall motion abnormality. Similarly, Tzivoni et al.
(41), using radionuclide ventriculography, found that 9 of
11 patients developed new regional wall motion abnormal-
ities in response to pacing-induced ischemia.

The overall specificity and sensitivity of pacing-induced
regional wall motion abnormalities have been defined with
the development of simultaneous transesophageal two-
dimensional echocardiography and atrial pacing. Lambertz
et al. (56) first developed an ultrasound system in which
an atrial pacing facility was incorporated. Fifty patients
were evaluated prospectively by cardiac catheterization and
pacing echocardiography; 44 had correlative exercise test-
ing. Nine patients were found to have normal epicardial
coronary arteries and normal pacing results (100% speci-
ficity). Thirty-eight of the 41 patients with significant
coronary artery disease developed regional wall motion
abnormalities with pacing (93% sensitivity). In contrast,
the specificity and sensitivity for exercise testing were 50%
and 53%, respectively.

Thallium Scintigraphy and 
the Pacing Stress Test

The incorporation of thallium scintigraphy into pacing
protocols has improved the overall utility of atrial pacing
as a stress test. In patients with normal coronary arteries,
pacing tachycardia is associated with a homogeneous
increase in myocardial O2 consumption and a secondary
increase in coronary blood flow. In patients with coronary
artery disease, however, regional increases in myocardial
blood flow may be limited by critical coronary stenoses.
Because initial myocardial uptake of thallium 201 has been
shown to reflect myocardial perfusion and viability,
myocardial ischemia induced by pacing tachycardia theo-
retically should be detectable by thallium scintigraphy.
Although early reports on the simultaneous use of atrial
pacing and thallium scintigraphy suggested serious limita-
tions (41), studies with improved methodology indicate
that this approach is successful in detecting both reversible
ischemia and infarcted myocardium (42,43).

To assess the utility of combined atrial pacing and thal-
lium scintigraphy, our laboratory researchers (42) exam-
ined the correlation between pacing-induced and exercise-
induced thallium defects in patients referred for evaluation
of chest pain. The overall sensitivity and specificity of thal-
lium imaging after atrial pacing were excellent. Moreover,
segment-by-segment comparison of the thallium scans
after either pacing or exercise stress testing revealed a corre-
lation of 83%.

Simultaneous use of thallium scintigraphy and atrial
pacing tachycardia can be accomplished by injection of 1.5
to 2.0 mCi of thallium 201 intravenously at peak pacing,
followed by continued pacing for at least an additional 5
minutes. In routine thallium exercise testing, exercise is
maintained for only 30 to 60 seconds after injection of
the radionuclide to allow the thallium to reach the
myocardium. However, because of the rapid decrease in
heart rate after discontinuation of pacing and the subse-
quent rapid diminution of myocardial oxygen require-
ments, pacing is extended to 5 minutes. After discontinua-
tion of the pacing stimulus, while the patient is in the
supine position, standard anterior, 40	, and 70	 left ante-
rior oblique views are obtained immediately in the
catheterization laboratory with a mobile scintillation cam-
era. Repeat standard views are obtained 4 hours after ter-
mination of the pacing protocol.

Clinical Uses of Atrial Pacing

The complete evaluation of a patient’s cardiac function in
the catheterization laboratory often requires an examina-
tion of the patient’s performance under stressed condi-
tions, when ECG, metabolic, and hemodynamic abnor-
malities may manifest themselves fully. The role of stress
testing is particularly important in the evaluation of
patients with ischemic heart disease, in whom, for example,
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it may be useful to determine the anginal threshold, the
magnitude of hemodynamic impairment during ischemia,
and the efficacy of antianginal therapy and to establish a
need for coronary revascularization. Although standard
dynamic and isometric exercise may serve as a form of
stress for many patients, not all patients are able to exercise
because of physical disabilities, old age, pulmonary dis-
ease, peripheral vascular disease, and possibly beta-block-
ade. In each of these situations, atrial pacing may be used
as a suitable form of stress.
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16Measurement of 

Ventricular Volumes, 

Ejection Fraction, Mass, Wall Stress,

and Regional Wall Motion
Michael A. Fifer William Grossman

Cardiac angiography was introduced initially to provide
qualitative information regarding anatomic abnormalities
of the cardiovascular system. Subsequently, it became
apparent that quantitative information derived from
cineangiography could provide insight into functional
abnormalities of the heart as well. Direct measurements of
ventricular dimension, area, and wall thickness allow cal-
culation of volume, ejection fraction, mass, and wall stress.
Assessment of pressure-volume relationships provides
additional information regarding systolic and diastolic
function of the ventricular chambers. Finally, techniques
developed to assess regional left ventricular wall motion
have proved useful in the evaluation of patients with coro-
nary artery disease. Therefore, the ventricular angiograms
obtained by the techniques described in Chapter 12 can be
used to derive quantitative descriptors of geometry and
function.

VOLUMES

Technical Considerations

As discussed in detail in Chapter 12, ventriculograms are
generally recorded on cine film or in digital format at 15 to

60 frames per second (fps), and radiographic contrast
material is usually injected into the left ventricle at rates of
7 to 15 mL/second for a total volume of 30 to 50 mL.
Alternatively, the left ventricle may be visualized from con-
trast injections into the pulmonary artery, the left atrium
(by the trans-septal technique), or, in cases of severe aortic
insufficiency, the aortic root. Attention to catheter position
and injection rate minimizes the occurrence of ventricular
ectopy during contrast studies; this is important because
analysis of extrasystoles and postextrasystolic beats cannot
be used for proper assessment of basal ventricular function.

With the widespread availability of computer systems,
the technique of determining ventricular volumes has
evolved from a handheld planimeter with pencil and paper
(or a calculator) to semiautomated software packages. The
principles important in accurate volume determination,
however, apply equally to manual and computer-based
techniques. For example, the need for magnification cor-
rection applies to both manual and automated techniques
of volume determination.

In the first step in assessing left ventricular chamber
volume, the left ventricular outline or silhouette is traced.
The ventricular silhouette should be traced at the outermost
margin of visible radiographic contrast so as to include tra-
beculations and papillary muscles within the perimeter
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(Fig. 16.1). The aortic valve border is defined as a line con-
necting the inferior aspects of the sinuses of Valsalva. Some
computer-based systems require that the entire ventricular
silhouette be traced manually; others incorporate a semi-
automated edge-detection algorithm, wherein some points
on the ventricular silhouette are entered manually and oth-
ers are supplied by the computer software.

To facilitate the calculation of left ventricular volume,
the ventricle is usually approximated by an ellipsoid (1,2).
Alternatively, techniques based on Simpson’s rule, which is
independent of assumptions regarding ventricular shape,
may be used (3). Because the x-rays emanate from a point
source, they are nonparallel; correction must therefore be
made for magnification of the ventricular image onto the
image intensifier. A further complicating factor is so-called
pincushion distortion, which causes greater magnification
at the periphery than in the center of the image, as a result
of spherical aberration of the electromagnetic lens system
(4). Finally, ventricular volumes calculated by most mathe-
matical techniques overestimate true ventricular chamber
volume, so that regression equations must be used to cor-
rect for the overestimation.

Biplane Formula

Biplane left ventriculography may be performed in the
anteroposterior (AP) and lateral projections (2), the 30	

right anterior oblique (RAO) and 60	 left anterior oblique
(LAO) projections (5), or angulated projections (e.g., 45	

RAO and 60	 LAO-25	 cranial; 6). Although it is a complex
geometric shape, the left ventricle can be approximated

with considerable accuracy by an ellipsoid (2; Fig. 16.2).
The volume of an ellipsoid is given by the equation

(16.1)

where V is volume, L is the long axis, and M and N are the
short axes of the ellipsoid. The long axis, L, is taken practi-
cally to be Lmax, the longest chord that can be drawn within
the ventricular silhouette in either projection. To deter-
mine M and N, each of the biplane projections of the left
ventricle is approximated by an ellipse. M and N are taken
to be the minor axes of these ellipses. They are calculated
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Figure 16.1 Left ventriculogram in the
30	 right anterior oblique projection. The
ventricular outline has been traced, as
indicated by the broken line.

Figure 16.2 Ellipsoid used as a reference figure for the left ven-
tricle. The long axis, L, and the short axes, M and N, are shown.



by the area-length method, as introduced by Dodge et al. (2)
from the silhouette areas and long-axis lengths in each
projection, using the standard geometric formula for the
area of an ellipse as a function of its major and minor axes.
For biplane oblique (RAO/LAO) left ventriculography, for
example, the areas of the two ventricular silhouettes are
given as

(16.2)

LRAO and LLAO are the longest chords that can be drawn in
the RAO and LAO silhouettes, respectively. The area of each
traced silhouette (Fig. 16.1) is obtained by planimetry, and
M and N are calculated by rearrangement as follows:

(16.3)

Combining Equations (16.1), (16.2), and (16.3),

(16.4)

where Lmin is the shorter of LRAO and LLAO. Because LRAO is
almost always greater than LLAO, LLAO is usually substituted
for Lmin.

Equation (16.4) is derived for projections at right
angles, or orthogonal projections, and is applicable to
biplane oblique ventriculography in the 30	 RAO and 60	

LAO views, as just described, or for the older AP and
lateral format. Although it is not valid theoretically for
nonorthogonal projections (e.g., RAO and angulated LAO),
it has been demonstrated empirically to be useful in those
situations as well (6).

Right ventricular volumes have been calculated from
biplane AP and lateral films using a modification of the
Dodge area-length technique (7,8) or Simpson’s rule (8–10).
Because right ventricular volumes are rarely calculated
from cineangiographic studies today, the reader is referred
elsewhere for methodologic details (7–10).

Single-Plane Formula

The area-length ellipsoid method for estimating left ven-
tricular chamber volume has been modified for use when
only single-plane measurements obtained in the AP or
RAO projection are available (4,11–13). Inherent in single-
plane methods is the assumption that the left ventricular
shape may be approximated by a prolate spheroid—that is,
an ellipsoid in which the two minor axes are equal (12). It
is assumed that the minor axis of the ventricle in the
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projection used is equal to the minor axis in the orthogo-
nal plane, which was not filmed. Recalling Eq. (16.1) for the
general case of an ellipsoid:

(16.5)

If only single-plane (e.g., RAO) ventriculography is done,
we assume that M � N and that L in the plane presented is
the true long axis of the ellipsoid. M is calculated from the
single-plane silhouette area (A) and L by the area-length
method as M � 4A/�L. Therefore, the single-plane volume
calculation becomes

(16.6)

Magnification Correction: Single Plane

Correction accomplished by filming a calibrated grid at
the estimated level of the ventricle (11) and submitting the
grid to the same magnification process as the ventricle
accounts for both linear magnification and pincushion dis-
tortion. Use of x-ray systems in which the center of the ven-
tricle can be positioned at a fixed point (isocenter), around
which the x-ray tubes and image intensifiers rotate, allows
for magnification correction without the use of grids but
does not correct for pincushion distortion.

The use of grids and other means of calculating magnifi-
cation correction factors has been reassessed by Sheehan
and Mitten-Lewis (14). They found that the error intro-
duced by considering a large central square area of the grid
rather than the portion encompassing a particular ventric-
ular silhouette was negligibly small. Replacement of the
grid by a circular disk did not significantly alter the calcu-
lated correction factor. Alternatively, the use of catheters
with radiopaque markers separated by 1 cm also yielded
accurate correction factors.

An approximation of the magnification correction may
be obtained by considering the diameter of the catheter
used for left ventriculography. However, there is a large
potential percentage error in measurement of this small
dimension, and the percentage error in volumes derived
from it is roughly triple that in the linear correction factor.
Furthermore, there is no correction for pincushion distor-
tion. On the other hand, the error introduced into calcula-
tion of ejection fraction by this technique is much smaller
than that in the calculation of ventricular volume; if it were
not for the need for regression formulas (see later discus-
sion), ejection fraction could be determined without
regard to magnification.

In the single-plane formula, the cube of the linear cor-
rection factor adjusts the volume for magnification:
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Magnification Correction: Biplane

In biplane studies, a correction factor (CF) must be calcu-
lated separately for each projection, yielding, in the case of
biplane oblique cineangiography, CFRAO and CFLAO. The
linear correction factor is multiplied by the measured
lengths, and the square of this correction factor is multi-
plied by planimetered areas to convert to true lengths and
areas. Accordingly, the corrected volume of the ventricle is

(16.8)

Regression Equations

Postmortem studies of hearts injected with contrast mater-
ial have demonstrated that angiographic volumes calcu-
lated by Eq. (16.8) overestimate true left ventricular cavity
volumes (2,4,5). This overestimation results in large part
from the papillary muscles and trabeculae carneae, which
do not contribute to blood volume but are nevertheless
included within the traced left ventricular silhouette.
Regression equations derived from these studies are used
to adjust the calculated volumes. A list of the most com-
monly used regression equations is given in Table 16.1. For
biplane studies in AP and lateral projections using large-
film techniques, the regression equation of Dodge and
Sandler (15) is used. For children (in whom this regression
equation may yield a negative volume), another formula
has been suggested (16). For cine studies in the 60	

RAO/30	 LAO projections, Wynne et al. (5) used post-
mortem casts, as shown in Fig. 16.3, to derive the regres-
sion equation shown in Table 16.1.

Single-plane techniques tend to overestimate volume
significantly, compared with biplane methods, and this
is reflected in the single-plane regression equations
(Table 16.1). Regression equations are incorporated into
commercial catheterization laboratory packages.
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EJECTION FRACTION 
AND REGURGITANT FRACTION

Visual inspection of the cine film allows selection of
frames depicting maximum (end-diastolic) and minimum
(end-systolic) ventricular volumes. The ejection fraction
(EF) is then calculated as follows (17,18):

(16.9)

where EDV is end-diastolic ventricular volume, ESV is end-
systolic ventricular volume, and SV is the angiographic
stroke volume.

In patients with aortic and/or mitral regurgitation, com-
parison of the angiographically determined stroke volume
with the forward stroke volume determined by the Fick
technique or (in the absence of concomitant tricuspid
regurgitation) the thermodilution technique yields the
regurgitant stroke volume, that portion of the ejected vol-
ume that is regurgitated and therefore does not contribute
to the net cardiac output (15). The regurgitant fraction
(RF) is defined as follows (17–19):

(16.10)

An assumption of this calculation is constancy of heart rate
between the determination of forward cardiac output and
the performance of left ventriculography. If the heart rate
(HR) is substantially different at these two times, a modi-
fied method for calculating RF must be used, wherein the
angiographic minute output (SVangiographic � HR) is substi-
tuted for angiographic stroke volume and the forward
minute output or cardiac output is substituted for the for-
ward stroke volume. This calculation is based on the
assumption that cardiac output is independent of heart
rate to a first approximation.

Because the derivation of RF involves the difference
between the two stroke volume measurements, both of
which contain some degree of error, the error in RF itself
may be significant; interpretation of this number should
be influenced by qualitative assessment of the degree of

RF �
SVangiograhic � SVforward

SVangiographic

EF � (EDV � ESV)/EDV � SV/EDV
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REGRESSION EQUATIONS TO CORRECT FOR OVERESTIMATION IN CALCULATION OF LEFT
VENTRICULAR VOLUMES

TABLE 16.1

Investigator Angiographic Method Age Group Regression Equation

Wynne et al. (5) Biplane cine RAO and LAO Adults VA � 0.989VC � 8.1
Single-plane cine RAO Adults VA � 0.938VC � 5.7

Kennedy et al. (13) Single-plane cine RAO Adults VA � 0.81VC � 1.9
Dodge et al. (2,15) Biplane serial AP and lateral Adults VA � 0.928VC � 3.8
Graham et al. (16) Biplane cine AP and lateral Children VA � 0.733VC

Sandler and Dodge (12) Single-plane serial AP Adults VA � 0.951VC � 3.0

AP, anteroposterior; LAO, left anterior oblique; RAO, right anterior oblique; VA, actual volume; VC, calculated volume.



regurgitation seen on the angiogram. In cases of combined
aortic and mitral regurgitation, estimation of the relative
contribution of the two lesions must be made from the
cineangiograms.

OTHER TECHNIQUES FOR 
MEASURING VENTRICULAR VOLUME
AND EJECTION FRACTION

Image enhancement by computerized digital subtraction
techniques can be used to obtain left ventriculograms after
peripheral intravenous administration of contrast material
(20,21). Peripheral injection of the contrast agent elimi-
nates the problem of ventricular extrasystoles sometimes
associated with direct injection of contrast material into
the ventricular chamber. Alternatively, the image enhance-
ment provided by the digital subtraction process permits
direct left ventricular injections with small volumes of con-
trast agents (20), possibly allowing multiple ventriculo-
grams under varying conditions during a single catheteriza-
tion procedure. Ventricular volume and ejection fraction
may be calculated from digital subtraction ventriculograms
using the area-length method (20), as described for standard

ventriculograms. Alternatively, ejection fraction may be
determined by computer analysis of the attenuation of 
x-rays by the contrast agent within the ventricle (21,22).
This technique is independent of geometric assumptions
regarding the shape of the ventricle.

A multielectrode catheter capable of measuring intra-
cavitary electrical impedance has been introduced (23–25)
and has proved useful for the measurement of ventricular
volume and ejection fraction without the use of contrast
agents. An early version of the catheter, consisting of 12
platinum ring electrodes mounted at 1-cm intervals along
the distal end of an 8F or 9F end-hole catheter, is shown in
Fig. 16.4. A 4-mA current flows through the blood of the
ventricular chamber between selected ring electrodes, and
the voltage needed to drive this current reflects the instan-
taneous electrical impedance of the blood, which has
been shown to be a direct function of the blood volume.
Newer catheters, only 6F in diameter, combine impedance,
volume, and micromanometer pressure measurements.
Validation studies (23,24) indicate that both left and right
ventricular volumes can be measured by this technique. An
illustration of the potential usefulness of this catheter in
assessing left ventricular pressure-volume relationships is
shown in Fig. 16.5.
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Figure 16.3 Left ventricular casts made from fresh postmortem specimens of human hearts,
using an encapsulant mixed with barium sulfate powder. The shape of the left ventricle only roughly
approximates an ellipsoid of revolution; nevertheless, amazingly good correlation was obtained
between true volume of these casts (measured by water displacement of the actual cast) and calcu-
lated volume. (From Wynne J, Green LH, Grossman W, et al. Estimation of left ventricular volumes in
man from biplane cineangiograms filmed in oblique projections. Am J Cardiol 1978;41:726, with
permission.)



LEFT VENTRICULAR MASS

Measurement of left ventricular wall thickness, in addition
to the parameters measured for volume determination,
allows calculation of left ventricular wall volume and esti-
mation of left ventricular mass (LVM). For these calcula-
tions, it is assumed that wall thickness is uniform through-
out the ventricle. Wall thickness (h) is measured at
end-diastole at the left ventricular free wall roughly two

thirds of the distance from the aortic valve to the apex in
the AP (26) or RAO (13) projection. Appropriate magnifi-
cation correction is applied. For biplane methods, the total
volume of left ventricular chamber and wall, Vc�w, is
approximated by that of the corresponding ellipsoid:

(16.11)

As with h, appropriate correction for magnification must
be applied to A and L so that Vc�w represents the total vol-
ume of the left ventricular chamber and wall corrected for
magnification. For single-plane methods, it is assumed
that M � N, yielding the single-plane formula:

(16.12)

The volume of the chamber is calculated by the biplane
or single-plane technique. To exclude the volume of the
papillary muscles and trabeculae from the chamber
volume (and thus include their mass in LVM), the appro-
priate regression equation is applied, so that Vc is the
regressed value for chamber volume. LVM, then, is calcu-
lated as follows:

(16.13)

where Vw is wall volume, and 1.050 is the specific gravity of
heart muscle. This method has been validated by postmortem

� 1.050(Vc�w � Vc)

LVM � 1.050 Vw
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Figure 16.4 Multielectrode impedance
catheter for measurement of instanta-
neous chamber blood volume (see text
for description). (From McKay RG, et al.
Instantaneous measurement of left and
right ventricular stroke volume and pres-
sure-volume relationships with an imped-
ance catheter. Circulation 1984;69:703.)

Figure 16.5 Use of multielectrode impedance catheter, shown
in Fig. 16.4, to obtain left ventricular pressure-volume loops every
fourth beat during inhalation of amyl nitrate. (From McKay RG, et
al. Instantaneous measurement of left and right ventricular stroke
volume and pressure-volume relationships with an impedance
catheter. Circulation 1984;69:703, with permission.)



examination of hearts (26,27); however, it may not be
accurate in the presence of marked right ventricular hyper-
trophy or pericardial effusion or thickening, where accu-
rate measurement of wall thickness from the RAO silhou-
ette may be impossible. The left ventricular wall thickness
may sometimes be seen well in the LAO projection in the
region of the posterior wall, or it may be measured accu-
rately by echocardiography, computed tomography, or mag-
netic resonance imaging. Values obtained by any of these
methods may be used for calculation of LVM.

NORMAL VALUES

A number of investigators have reported normal values in
adults and children for left ventricular volume, ejection
fraction, wall thickness, and mass (5,16,28–30). These are
summarized in Table 16.2.

WALL STRESS

Whereas consideration of ventricular pressure and volume
is useful for assessment of ventricular performance, direct
evaluation of myocardial function requires attention to
forces acting at the level of the individual myocardial fiber.
In particular, correction must be made for differences in
ventricular wall thickness and chamber radius (R), which
modify the extent to which intraventricular pressure (P) is

borne by the individual fiber; this is especially important
in disease states characterized by ventricular hypertrophy
or dilation or both. Such a correction may be achieved by
consideration of wall stress (�) (29,31–33). Several formu-
las are commonly used to calculate stress, all related to the
basic Laplace relation:

(16.14)

Assumptions of the shape of the ventricular chamber and
the properties of the ventricular wall have led to a number
of such formulas for wall stress components in the circum-
ferential, meridional, and radial directions (Fig. 16.6).
Consideration of circumferential and meridional stress has
been particularly useful for clinical applications. A repre-
sentative formula for calculation of circumferential stress,
�c is

(16.15)

where a and b are the major and minor semiaxes, respec-
tively, at the midwall. Meridional stress, �m, may be calcu-
lated as follows (32):

(16.16)

where R is the internal chamber radius as bounded by the
endocardial surface. For more detailed consideration of

sm �
PR

2h(1 � h/2R)

sc �
Pb
h
a1 �

h
2b
b a1 �

hb

2a2 b

s �
PR
2h
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NORMAL AVERAGE VALUES FOR LEFT VENTRICULAR PARAMETERS BY ANGIOCARDIOGRAPHY
(MEAN � SD)

TABLE 16.2

Number End-Diastolic End-Systolic Wall 
Angiographic of Volume Volume Ejection Thickness

Investigator Method Patients Age Group (mL/m2) (mL/m2) Fraction (mm) Mass (g)

Wynne Biplane cine 17 Adults 72  15 20  8 0.72  0.08 — — 
et al. (5) RAO-LAO

Kennedy Biplane 16 Adults 70  20 24  10 0.67  0.08 10.9  2.0 167  42
et al. (27) serial AP 

and Lat
Hood (29) Biplane 6 Adults 79  11 28  6 0.67  0.07 8.5  1.3 164  35

serial AP 
and Lat

Hermann Biplane 6 Adults 71  20 30  10 0.58  0.05 — —
and serial AP 
Bartle and Lat
(30)

Graham Biplane 19 Children younger 42  10 — 0.68  0.05 — 96  11a

et al. (16) cine AP than 2 yr
and Lat

Graham Biplane 37 Children older 73  11 — 0.63  0.05 — 86  11a

et al. (16) cine AP than 2 yr
and Lat

ag/m2.
AP, anteroposterior; LAO, left anterior oblique; RAO, right anterior oblique.



wall stress formulas, the reader is referred to reviews of the
subject (33).

Calculation of wall stress in disease states has provided
information not apparent from consideration of pressure
and volume data alone. For example, it has been demon-
strated that peak stress does not necessarily occur at the same

time in the cardiac cycle as does peak pressure and that, in
compensated pressure overload, the increase in ventricular
pressure is offset by a proportional increase in wall thickness,
so that wall stress remains normal (Fig. 16.7; 32).

PRESSURE-VOLUME CURVES

Simultaneous measurement of ventricular pressure and
volume allows construction of the pressure-volume dia-
gram (Fig. 16.8; 34–37). The position and slope of the
diastolic portion of the pressure-volume curve provide
information regarding diastolic properties of the ventricle
(35,38). Construction of the systolic portion of the curve is
useful for analysis of the end-systolic pressure-volume rela-
tion, a measure of ventricular contractile function (see
Chapter 17).

REGIONAL LEFT VENTRICULAR 
WALL MOTION

The recognition that left ventricular regional dys-synergy is a
more sensitive marker of coronary artery disease than is
depression of global function has led to attempts to quantify
abnormalities of regional wall motion. Left ventriculography
is performed in the RAO or RAO and LAO projections. The
ventricle is divided into regions by one of two methods: (a)
construction of lines perpendicular to the major axis that
divide the major axis into equal segments (39,40) or (b) con-
struction of lines drawn from the midpoint of the major axis
to the ventricular outline at intervals of a fixed number of
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Figure 16.6 Circumferential (�c), meridional (�m), and radial (�r)
components of left ventricular wall stress for an ellipsoid model.
The three components of wall stress are mutually perpendicular.

Figure 16.7 A comparison of changes in left ventricular pressure, wall thickness, and meridional
stress throughout the cardiac cycle for representative normal (A), pressure-overloaded (B), and vol-
ume-overloaded (C) ventricles. These parameters are plotted at 40-msec intervals. In all three types
of ventricles, peak stress occurs earlier than peak pressure. In the pressure-overloaded ventricle,
peak pressure is markedly elevated, but peak systolic stress and end-diastolic stress are normal. In
the volume-overloaded ventricle, peak systolic stress is normal, but end-diastolic stress is elevated.
(From Grossman W, Jones D, McLaurin LP. Wall stress and patterns of hypertrophy in the human left
ventricle. J Clin Invest 1975;56:56, with permission.)



degrees (39). Extent of inward (or outward) movement of
individual segments can then be measured, usually with the
aid of computer techniques, providing quantitative measures
of hypokinesis, akinesis, and dyskinesis.

An automated method of processing the left ventricular
cineangiogram was reported by Sasayama et al. (41–43).
End-diastolic and end-systolic ventricular silhouettes are
superimposed (Fig. 16.9), and 128 radial grids are drawn
from the center of gravity of the end-diastolic silhouette to
the endocardial margins. Measurement of the length of
each radial grid between end-diastolic and end-systolic sil-
houettes measures segmental systolic and diastolic func-
tion. Figure 16.9 illustrates this technique in a patient with
coronary disease before and after induction of angina pec-
toris by rapid atrial pacing. Simultaneous measurements of
left ventricular pressure permit construction of segmental
left ventricular pressure-length loops for both normally per-
fused myocardial regions (Fig. 16.9, c and d), and regions
perfused by stenotic coronary arteries (Fig. 16.9, a and b).
Depressed wall motion develops during angina in the latter,
and compensatory hyperkinesis develops in the former.
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Figure 16.9 Assessment of regional wall motion in the control state (CON) and after induction
of angina pectoris by atrial pacing tachycardia (PCG). Left ventricular pressure (LVP)–length loops
are plotted for a myocardial region distal to a stenotic coronary artery (a and b) and for a nor-
mally perfused region (c and d). (From Sasayama S, et al. Changes in diastolic properties of the
regional myocardium during pacing-induced ischemia in man. J Am Coll Cardiol 1985;5:599, with
permission.)

Figure 16.8 Pressure-volume diagram for the left ventricle. In
this example, the diagram derived from single-plane cineangiogra-
phy is compared with that constructed from radionuclide volume
data. (From McKay RG, et al. Left ventricular pressure-volume dia-
grams and end-systolic pressure-volume relations in human beings.
J Am Coll Cardiol 1984;3:301, with permission.)



Another approach has been used by Sheehan et al.
(44,45). Wall motion is measured along 100 chords con-
structed as perpendiculars to a line drawn midway between
the end-diastolic and end-systolic left ventricular contours
(Fig. 16.10). The motion of each chord is compared with a
normal range established from analysis of ventriculograms
from patients without heart disease. Deviations from the
normal range indicate hypokinesis or hyperkinesis. In
studies of wall motion after thrombolysis, availability of
the LAO in addition to the RAO projection proved particu-
larly useful in patients with left circumflex coronary artery
thrombosis (45).

Software for regional wall motion analysis is now avail-
able in commercial catheterization laboratory computer
systems.
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17Evaluation of Systolic 

and Diastolic Function 

of the Ventricles and Myocardium
William Grossman

A critical aspect of most cardiac catheterization procedures
is the evaluation of myocardial function. At its simplest,
this consists of a visual assessment of the left ventricular
(LV) contractile pattern from the left ventriculogram,
together with measurements of LV end-diastolic pressure.
In laboratories where most patients have right-sided heart
catheterization and cardiac output measurement as part of
a standard cardiac catheterization procedure, additional
information about LV function may be gleaned from the
cardiac output, stroke volume, and pulmonary capillary
wedge pressure, whereas right ventricular (RV) function is
reflected in the values for right ventricular end-diastolic
pressure (RVEDP) and right atrial pressure. Measurements
of pressures and cardiac output give important informa-
tion about overall cardiac function, but may shed little
light on whether dysfunction is caused by abnormal sys-
tolic or diastolic myocardial performance. This chapter
describes some of the specific methods that can be used in
the cardiac catheterization laboratory to examine myocar-
dial performance in systole and diastole.

SYSTOLIC FUNCTION

Preload, Afterload, and Contractility

Systolic function of the myocardium is a reflection of the
interaction of myocardial preload, afterload, and contrac-
tility. Preload is the load that stretches myofibrils during
diastole and determines the end-diastolic sarcomere length.

For the left ventricle, this load is often quantified as the
LV end-diastolic pressure (LVEDP). This pressure, taken
together with LV wall thickness (h) and radius (R), deter-
mines LV end-diastolic wall stress (� L PR/h), which is an
estimate of the force stretching the myocardial fibers at
end-diastole. The end-diastolic stress or stretching force
is resisted by the intrinsic stiffness or elasticity of the
myocardium, and the interaction of end-diastolic stretch-
ing force and myocardial stiffness determines the extent of
end-diastolic sarcomere stretch. If the myocardium is dif-
fusely fibrotic or infiltrated with amyloid, a very high end-
diastolic stretching force may be required to produce even
a normal end-diastolic sarcomere length. In such a case,
LVEDP may be very high (e.g., �25 mm Hg), and attempts
to lower it by diuretic or venodilator therapy may lead to
reduction in end-diastolic sarcomere stretch to subnormal
values and a concomitant fall in cardiac output.

Changes in preload influence both the extent and veloc-
ity of myocardial shortening in experiments using isolated
cardiac muscle preparations. Increased preload augments
the extent and velocity of myocardial shortening at any
given afterload. In the intact heart, the relationship is
more complex because increases in preload generally pro-
duce increases in LV chamber size and LV systolic pressure.
Therefore, afterload (the force resisting systolic shortening
of the myofibrils) is also increased, and this increase tends
to blunt the increases in extent and velocity of myocardial
shortening caused by increased diastolic fiber stretch. This
point is discussed in more detail later in this chapter, under
the section on ejection phase indices of systolic function.



Afterload varies throughout systole as the ventricular
systolic pressure rises and blood is ejected from the ventric-
ular chamber. LV systolic stress approximates the force
resisting myocardial fiber shortening within the wall of the
ventricle. The theory and methods for calculation of wall
stress are described in Chapter 16. End-systolic wall stress
is considered by many to be the final afterload that deter-
mines the extent of myocardial fiber shortening when
preload and contractility are constant. An increase in end-
systolic wall stress results in a decrease in myocardial fiber
shortening. For the intact ventricle, an increase in afterload
(end-systolic wall stress) therefore results in a fall in stroke
volume and ejection fraction.

Contractility refers to the property of heart muscle that
accounts for alterations in performance induced by bio-
chemical and hormonal changes; it has classically been
regarded as independent of preload and afterload.
Contractility is generally used as a synonym for inotropy:
both terms refer to the level of activation of cross-bridge
cycling during systole. Contractility changes are assessed in
the experimental laboratory by measuring myocardial
function (extent or speed of shortening, maximum force
generation) while preload and afterload are held constant.
In contrast to skeletal muscle, the strength of contraction
of heart muscle can be increased readily by a variety of bio-
chemical and hormonal stimuli, some of which are listed
in Table 17.1.

Increased myocardial contractility may be present in
patients with hyperadrenergic states, thyrotoxicosis, or
hypertrophic cardiomyopathy or in response to various
drugs. It is manifested by an increase in the speed and

extent of myocardial contraction at constant afterload and
preload.

Experiments with isolated myocardial tissue have demon-
strated that contractility is not truly independent of pre-
load. Increased end-diastolic sarcomere stretch leads to an
immediate increase in the strength of contraction owing to
the Frank-Starling mechanism, followed by a gradual fur-
ther increase in contractile strength over 5 to 10 minutes
(1–3). Evidence supports a role for both increased intracel-
lular calcium (Ca��) release and increased myofilament
sensitivity to any given level of cytosolic Ca�� as underly-
ing factors in the length-dependent activation seen with
increased preload (2).

Assessment of systolic function requires consideration of
the simultaneous influence of afterload, preload, and con-
tractility. Systolic function should not be regarded as syn-
onymous with contractility. Major depression of systolic
function can occur with normal contractility, as in condi-
tions with so-called afterload excess (see later discussion).

Isovolumic Indices

One of the oldest and most widely used measures of
myocardial contractility is the maximum rate of rise of LV
systolic pressure, dP/dt. Wiggers noted more than 70 years
ago that in animal experiments, the failing ventricle
showed a reduced steepness of the upslope of the ventricular
pressure pulse (4). In 1962, Gleason and Braunwald first
reported measurement of dP/dt in humans (5). They studied
40 patients with micromanometer catheters. Maximum
dP/dt in those patients without hemodynamic abnormalities
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HORMONES AND DRUGS THAT INFLUENCE MYOCARDIAL CONTRACTILITY
TABLE 17.1

Influence on 
Agent Presumed Mechanism Contractility

Catecholamines with �-agonist activity �-receptor stimulation S c adenylate cyclase activity S c cyclic �

AMP S c Ca�� influx through sarcolemma S c cytosolic Ca��

Digitalis glycosides Inhibition of Na�-K� ATPase S c intracellular Na� S c Na�/Ca�� �

exchange S c cytosolic Ca��

Calcium salts c Extracellular Ca�� S c Ca�� influx via slow channels and �

Na�/Ca�� exchange S c cytosolic Ca��

Caffeine Multiple actions: �

Local release of catecholamines
Inhibition of sarcoplasmic reticular Ca�� uptake
Inhibition of phosphodiesterase S c cyclic AMP
c Sensitivity of contractile proteins of Ca��

Milrinone, amrinone, other bipyridines Phosphodiesterase inhibition S c cyclic AMP S c cytosolic Ca�� �

Thyroid hormone Increases myosin ATPase activity by altering production of �

certain myosin isozymes
Calcium-blocking agents (verapamil, Block Ca�� entry via slow channels �

nifedipine, D600, diltiazem)
Barbiturates, ethanol Depress contractility by unknown mechanism �

AMP, adenosine monophosphate; ATPase, adenosine triphosphatase.



ranged from 841 to 1,696 mm Hg/second in the left ventri-
cle and 223 to 296 mm Hg/second in the right ventricle.
Interventions known to increase myocardial contractility,
such as exercise and infusion of norepinephrine or isopro-
terenol, caused major increases in dP/dt. Increased heart
rate produced by intravenous atropine also caused a rise in
maximum dP/dt, and the authors attributed this to the
treppe phenomenon described by Bowditch. Acute increases
in arterial pressure and afterload produced by infusion of
the �-adrenergic vasoconstricting agent methoxamine pro-
duced little change in dP/dt. These points are illustrated in
Figs. 17.1 and 17.2.

In normal subjects and in patients with no significant
cardiac abnormality, maximum dP/dt increases signifi-

cantly in response to isometric exercise (6), dynamic exer-
cise (5), tachycardia by atrial pacing (7,8) or atropine (5),
�-agonists (5), and digitalis glycosides (9). Relatively few
studies have been done in humans to assess the changes in
dP/dt induced by alterations in afterload and preload, but
some studies do indicate that maximum positive dP/dt
tends to increase slightly (6 to 8%) with moderate increases
in LV preload (10) and shows little change with methox-
amine-induced increases (5) or nitroprusside-induced
decreases (11) in mean arterial pressure of 25 to 30 mm Hg.
Extensive studies in animals have examined the influence of
changes in afterload, preload, and contractility on maximum
dP/dt (10,12–15). These studies generally show that maxi-
mum dP/dt rises with increases in afterload and preload,
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Figure 17.1 Micromanometer recordings of left ventricular pressure and its first derivative,
dP/dt, in a patient with normal left ventricular function. Isoproterenol markedly increases contractil-
ity with large increments in positive dP/dt. Atropine produces tachycardia, which results in a treppe
effect and a rise in �dP/dt above control. (From Gleason WL, Braunwald E. Studies on the first deriv-
ative of the ventricular pressure pulse in man. J Clin Invest 1962;41:80, with permission.)

Figure 17.2 Micromanometer recordings of left ventricular (LV) pressure and dP/dt, as in Fig.
17.1. Methoxamine raises arterial and LV systolic pressure but does not increase �dP/dt. In contrast,
the combined �- and �-adrenergic effects of norepinephrine increase LV systolic pressure and
�dP/dt. (From Gleason WL, Braunwald E. Studies on the first derivative of the ventricular pressure
pulse in man. J Clin Invest 1962;41:80, with permission.)



but the changes were quite small (�10%) in the physio-
logic range.

As discussed in Chapter 7, accurate measurement of
dP/dt requires a pressure measurement system with excel-
lent frequency-response characteristics. Micromanometer
catheters are usually required to achieve this frequency-
response range (16). Differentiation of the ventricular
pressure signal can be achieved by (a) analog techniques
online (Figs. 17.1 and 17.2), using a resistance capacitor
(RC) differentiating circuit (5,10); (b) computer digitization
of the analog LV pressure tracing and subsequent differenti-
ation of a polynomial best fit to the averaged LV isovolumic
pressure (17); or (c) computer digitization of the analog
LV pressure tracing with subsequent Fourier analysis and
differentiation (18).

In addition to dP/dt, several other isovolumic indices
have been introduced in an attempt to obtain a “pure”
contractility index, completely independent of alterations
in preload and afterload (10,19,20). These indices include
the maximum value of (dP/dt)/P, where P is LV pressure
(the maximum value of [dP/dt]/P is sometimes called
VPM); (peak dP/dt)/IIT, where IIT is the integrated isovolu-
mic tension; (dP/dt)/CPIP, where CPIP is the common
developed isovolumic pressure; Vmax, the extrapolated
value of (dP/dt)/P versus P, when P � 0; (dP/dt)/PD when
the developed LV pressure, PD, equals 5, 10, or 40 mm Hg;
and the fractional rate of change of power, which involves
the second derivative of LV pressure.

Although changes in dP/dt reflect acute changes in
inotropy in a given individual, the usefulness of dP/dt is

reduced in comparisons between individuals, especially
when there has been chronic LV pressure or volume over-
load. Peak dP/dt is generally increased in patients with
chronic aortic stenosis, even though contractility is normal
or decreased in most of these patients. To account for
chronic changes in LV geometry and mass that occur with
chronic LV overload, some investigators have examined the
rate of rise of systolic wall stress (17). The peak value of
d�/dt may be used as a contractility index, as may the spec-
trum plot that relates d�/dt to instantaneous � (Fig. 17.3).

Pressure-Volume Analysis

Since the time of Frank and Starling, pressure-volume (PV)
diagrams have been used to analyze ventricular function.
The normally contracting left ventricle ejects blood under
pressure, and the relationship of its pressure generation
and ejection can be expressed in a plot of LV pressure
against volume. As can be seen in Fig. 17.4, end-diastole is
represented by point A, isovolumic contraction by line AB,
aortic valve opening by point B, ejection by line BC, end-
ejection and aortic valve closure by point C, isovolumic
relaxation by line CD, mitral valve opening by point D,
and LV diastolic filling by line DA.

Stroke Work

The area ABCD enclosed within the PV diagram in Fig. 17.4
is the external LV stroke work (SW), represented mathemat-
ically as �PdV. Although the calculation of LVSW is most
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Figure 17.3 Left ventricular (LV) isovolumic indices of contractility. A. Rate of pressure develop-
ment (dP/dt) as a function of LV-developed pressure (PD). Mean values in control subjects (open cir-
cles), patients with aortic stenosis (AS, closed circles), and patients with dilated cardiomyopathy (CMP,
crosses) are shown. Brackets represent standard errors of the mean (SEM). B. Rate of wall stress
development (d�/dt) as a function of LV-developed stress (�D) for the same groups. There are no sig-
nificant differences for patients with AS compared with controls, although patients with CMP clearly
show depressed values for dP/dt and d�/dt at all levels of PD and �D. (From Fifer MA, Gunther S,
Grossman W, et al. Myocardial contractile function in aortic stenosis as determined from the rate of
stress development during isovolumic systole. Am J Cardiol 1979;44:1318, with permission.)



accurate when it is derived by integrating the area within
complete PV diagrams, a practical approximation can be
obtained as follows:

(17.1)

where and are, respectively, the mean LV sys-
tolic and diastolic pressures (in mm Hg), SV is the LV total
stroke volume (in mL), and 0.0136 is a constant for con-
verting mm Hg-mL into g-m. and may be
obtained from planimetry of direct pressure tracings, as
shown in Fig. 17.5. When the total LV stroke volume is the
same as the forward stroke volume, SV may be calculated
as cardiac output divided by heart rate. In cases where LV
total stroke volume differs from forward stroke volume
(e.g., mitral or aortic regurgitation, ventricular septal
defect), the P-V diagram may differ substantially in con-
figuration from that shown in Fig. 17.4, and LVSW cannot
be calculated from Eq. (17.1). Instead, planimetric integra-
tion of the entire P-V plot is required.

LVDPLVSP

LVDPLVSP

LVSW � (LVSP � LVDP)SV(0.0136)

If LV pressure tracings are not available, in the absence
of major regurgitation, SW can be approximated from
the aortic and pulmonary capillary wedge pressures as
follows:

(17.2)

where is the aortic systolic mean pressure (planime-
tered from the aortic pressure tracing, Fig. 17.5) and

is the mean pulmonary capillary wedge pressure. A
further approximation may be made by substituting
mean systemic arterial pressure for , which it closely
approximates.

LVSW is a reasonably good measure of LV systolic func-
tion in the absence of volume or pressure overload condi-
tions, both of which may substantially increase calculated
LVSW. The normal LVSW in adults is approximately 90 

30 g-m (mean  SD); in adult patients with dilated car-
diomyopathy or heart failure from extensive prior myocar-
dial infarction, LVSW is often �40 g-m. Values ,�25 g-m
indicate severe LV systolic failure, and when LVSW is �20
g-m, the prognosis is grave.

LVSW is a measure of total LV chamber function and
can be considered to reflect myocardial contractility only
when the ventricle is reasonably homogeneous in its com-
position, as in most patients with dilated cardiomyopathy.
For patients with coronary artery disease and extensive
myocardial infarction, LVSW may be depressed even
though well-perfused areas of the myocardium with nor-
mal contractility remain.

Because power is the rate at which work is done, LV
power in the normal heart is the integral of the product of
LV pressure during ejection and aortic flow. LV power may
be regarded as a measure of overall LV contractile function;
with refinement (such as the measurement of preload-
adjusted maximal power), it can be used as a measure of
the inotropic state (21).

Ejection Phase Indices

LV systolic function can be assessed using only the volume
data from the P-V diagram. One of the most widely used

AoSP

PCW

AoSP

LVSW � (AoSP � PCW)SV(0.0136)
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Figure 17.4 Diagram of ventricular pressure (P) plotted against
simultaneous ventricular volume (V) for a single cardiac contrac-
tion. For the left ventricle, point A represents end-diastole, seg-
ment AB is isovolumic contraction, point B is aortic valve opening,
segment BC is LV ejection, point C is aortic valve closure and rep-
resents end ejection, segment CD is isovolumic relaxation, point D
is mitral valve opening, and segment DA is LV filling. LV stroke
work (SW) is the cross-hatched area, and the stippled area is dia-
stolic work done on the left ventricle by the right ventricle and left
atrium. (See text for details.)

Figure 17.5 Left ventricular (LV) and aortic pressure
tracings illustrate areas planimetered to measure LV mean
systolic pressure (LVSP), LV mean diastolic pressure (LVDP),
and aortic mean systolic pressure (AoSP). LVSP is the area
contained under the LV pressure curve, bounded by per-
pendicular lines defining end-diastole and mitral valve
opening; LVDP is the diastolic area, similarly defined. AoSP
is the area contained under the aortic pressure curve,
bounded by perpendicular lines defining aortic valve open-
ing and closure.



indices of LV systolic performance is the ejection fraction
(EF), which is defined as follows:

(17.3)

where LVEDV and LVESV are the LV end-diastolic and end-
systolic volumes, respectively. In the cardiac catheterization
laboratory, left ventricular EF (LVEF) is most often derived
from the LV angiogram, as discussed in Chapter 16. If the
EF is divided by the ejection time (ET), measured from the
aortic pressure tracing, the quotient is called mean normal-
ized systolic ejection rate (MNSER).

(17.4)

Finally, another ejection phase index of LV systolic func-
tion is the velocity of circumferential fiber shortening, VCF

(22). This is calculated as the rate of shortening of a theo-
retic LV myocardial fiber in a circumferential plane at the
midpoint of the long axis of the ventricle. For convenience,
mean VCF is used most often, rather than instantaneous or
peak VCF. Mean VCF is obtained by subtracting the end-sys-
tolic endocardial circumferential fiber length (�DES) from
the end-diastolic endocardial circumferential fiber length
(�DED), then dividing by ET and normalizing for end-dias-
tolic circumferential fiber length:

(17.5)
� (DED � DES)/DED(ET)

VCF � (pDED � pDES)/pDED(ET)

MNSER �
(LVEDV � LVESV)

(LVEDV)(ET)

EF � (LVEDV � LVESV)/LVEDV

DED and DES are end-diastolic and end-systolic minor axis
dimensions. Although VCF can be calculated from angio-
graphic data using the area-length method (D � 4 A/�L), it
is most commonly calculated from values for D measured
by M-mode echocardiography. Normal values for isovolu-
mic and ejection phase indices are given in Table 17.2.

Ejection phase indices are obtained easily from LV angiog-
raphy and can also be derived reliably from a variety of
noninvasive techniques such as radionuclide ventriculog-
raphy and echocardiography. The most widely used ejec-
tion phase index, the EF, is generally depressed when
myocardial contractility is diminished. However, the ejec-
tion indices depend heavily on preload and afterload and
cannot be regarded as reliable indices of contractility in
conditions associated with altered loading conditions.
For example, increases in preload cause the EF (and other
ejection indices) to rise; consequently, LVEF may be
increased in patients with mitral or aortic regurgitation,
severe anemia, or other causes of increased diastolic LV
inflow and may mask underlying deterioration of myocar-
dial contractility. Conversely, increases in afterload cause
the EF to fall; consequently, LVEF may be low in patients
with severe aortic stenosis or other causes of increased resis-
tance to systolic ejection and may falsely suggest underlying
depression of myocardial contractility.

In practice, acute elevation of LV preload causes some
increase in LV chamber size and aortic pressure, and these
increases in afterload (systolic � resisting shortening) tend
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EVALUATION OF LEFT VENTRICULAR SYSTOLIC PERFORMANCE:
NORMAL VALUES FOR SOME ISOVOLUMIC AND EJECTION 
PHASE INDICES

TABLE 17.2

Contractility Indices Normal Values (mean � SD) References

Isovolumic indices
Maximum dP/dt 1610  290 mm Hg/sec 7

1670  320 mm Hg/sec 23
1661  323 mm Hg/sec 19

Maximum (dP/dt)P 44  8.4 sec�1 19

VPM or peak 1.47  0.19 ML/sec 23

dP/dt/PD at PD � 40 mm Hg 37.6  12.2 sec�1 19
Ejection phase indices

LVSW 81  23 g-m 6
LVSWI 53  22 g-m/m2 24,25

41  12 g-m/m2 26
EF (Angiographic) 0.72  0.08 27
MNSER

Angiographic 3.32  0.84 EDV/sec 19
Echographic 2.29  0.30 EDV/sec 28

Mean VCF

Angiographic 1.83  0.56 ED circ/sec 19
1.50  0.27 ED circ/sec 22

Echographic 1.09  0.12 ED circ/sec 28

dP/dt, rate of rise of left ventricular (LV) pressure; PD, developed LV pressure; ML, muscle lengths; MNSER,
mean normalized systolic ejection rate; ED, end-diastolic; V, volume; circ, circumference; EF, ejection fraction.

c dP/dt
28P

d



to decrease the EF and other ejection indices, offsetting the
rise in EF that a pure rise in preload would produce.
Rankin and coworkers (28) produced changes in venous
return by total body tilt in normal subjects; despite sub-
stantial changes in LV end-diastolic dimension and vol-
ume, there were no significant changes in EF, MNSER, or
VCF. Similarly, acute elevation of afterload caused by raising
aortic pressure causes an increase in LVEDP, and the resul-
tant rise in preload (end-diastolic fiber stretch) tends to
increase the EF and other ejection indices, offsetting the
fall in EF produced by a pure rise in afterload (25). These
physiologic adjustments explain why the ejection indices are
much more useful clinically than might be expected on the
basis of studies in the isolated heart or muscle preparation.

An LVEF of �0.40 indicates depressed LV systolic pump
function, and if there is no abnormal loading to account
for it, an LVEF of �0.40 can be taken to signify depressed
myocardial contractility. An LVEF �0.20 corresponds to
severe depression of LV systolic performance and is usually
associated with a poor prognosis. Interpretation of EF and
other ejection indices is improved by consideration of the
ventricular preload and afterload, and the latter values are
defined most precisely by end-diastolic and end-systolic
wall stresses, respectively.

End-Systolic Pressure-Volume 
and �-Length Relations

Over the past 20 years, several groups have shown that the LV
end-systolic P-V, pressure-diameter, and �-length relation-
ships accurately reflect myocardial contractility, independent

of changes in ventricular loading. This has been estab-
lished in a series of studies in animals (29–35) and humans
(36–42). The fundamental principle of end-systolic PV
analysis is that at end-systole there is a single line relating
LV chamber pressure to volume, unique for the level of con-
tractility and independent of loading conditions. The LV
end-systolic PV line can be generated by producing a series
of P-V loops (such as the one in Fig. 17.4) over a range of
loading conditions (Figs. 17.6 and 17.7). The line connect-
ing the upper left corners of the individual P-V diagrams is
the end-systolic P-V line, characterized by a slope and by an
x-axis intercept, called V0 (the extrapolated end-systolic
volume when end-systolic pressure is zero). Current evi-
dence indicates that an increase in contractility shifts the
end-systolic P-V line to the left with a steeper slope, and a
depression in contractility is associated with a displacement
of the line downward and to the right, with a reduced slope.
Although there is some uncertainty as to the meaning of V0,
it is generally agreed that an increase in slope of the end-
systolic P-V line is a sensitive indicator of an increase in
contractility. However, the technique of end-systolic analy-
sis may not be as useful in comparisons among subjects as
it is in comparisons of values in a single subject measured
before and after an intervention. The end-systolic P-V lines
for groups of patients with normal, intermediate, and
depressed LV contractility are shown in Fig. 17.8.

To measure the end-systolic PV line, one can use aortic
dicrotic notch pressure as end-systolic LV pressure and min-
imum LV chamber volume as end-systolic volume. LV vol-
ume can be measured by angiography, using either direct LV
injection or right-sided injection with image enhancement
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Figure 17.6 Left ventricular (LV) pressure-volume (P-V) plots constructed using radionuclide ven-
triculography to measure LV volume simultaneously with measurement of LV pressure during cardiac
catheterization. A. Three sequential plots measured during baseline and at two sequential doses of
intravenous nitroglycerin to lower LV pressure. B. Similar plots in a patient whose baseline LV systolic
pressure was low: In this case, phenylephrine was used in increasing doses to produce three levels of
systolic loading. The upper left (end-systolic) corners of the three P-V plots in each view define a
straight line, the LV end-systolic P-V line. (See text for discussion.) (From McKay RG, Aroesty JM,
Heller GV, et al. Left ventricular pressure-volume diagrams and end-systolic pressure relations in
human beings. J Am Coll Cardiol 1984;3:301, with permission.)



by digital subtraction angiography. Alternatively, LV volume
can be measured by radionuclide techniques, ultrasonic
techniques, or a specially designed impedance (conduc-
tance) catheter (42,43).

Relationship Between Peak dP/dt
and End-Diastolic Volume

Little and coworkers (44) have examined the relationship
between LV dP/dtmax and end-diastolic volume and have

proposed the slope of this relationship as an index of
contractile state. They have shown that, on theoretic
grounds, this relationship can be derived from the LV
end-systolic P-V relationship; both provide estimates of
maximal myocardial elastance. This relationship is sim-
pler to derive because both LV end-diastolic volume and
dP/dtmax are more readily defined than either end-systolic
pressure or volume. One does not need to be concerned
about a lack of coincidence between end-systole and max-
imal elastance, as with the end-systolic P-V relationship.
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A B

Figure 17.7 A. Left ventricular (LV) pressure-volume loops obtained during rapid LV unloading
achieved by inferior vena cava (IVC) balloon occlusion in a patient undergoing cardiac catheteriza-
tion. Volume was obtained by a conductance catheter technique. B. Relationships between stroke
work, maximum rate of rise of LV systolic pressure, dP/dt, and LV end-diastolic volume. (From Kass
DA, Maughan WL. From EMax to pressure-volume relations: a broader view. Circulation 1988;77:
1203, with permission.)

Figure 17.8 Left ventricular (LV) end-
systolic pressure (PES) plotted against end-
systolic volume index (VES) at two levels of
loading for each of three patient groups:
Group A, patients with normal LV contrac-
tile function; Group B, patients with mod-
erate depression of LV contractile perfor-
mance; Group C, patients with marked
depression of LV contractility. Depressed
contractility shifts the PES-VES relation to
the right, with a reduced slope (m) and
increased intercept (V0). (From Grossman W,
Braunwald E, Mann JT, et al. Contractile
state of the left ventricle in man as evalu-
ated from end-systolic pressure relations.
Circulation 1977;45:845, with permission.)



The dP/dtmax–end-diastolic volume relationship, however,
has yet to be evaluated extensively in the clinical setting.
Also, the end-systolic P-V relationship can be estimated clin-
ically by entirely noninvasive methods (45). Nevertheless,
the relationship between dP/dtmax and end-diastolic vol-
ume represents an intriguing concept and may prove a
valuable index of contractile state.

Stress-Shortening Relationships

Another approach to the assessment of LV systolic perfor-
mance and myocardial contractility involves measuring the
extent of cardiac muscle shortening and relating this short-
ening to the systolic wall stress (�) resisting shortening.

If a ventricle is presented with progressively increasing
resistance to ejection, � rises while the extent of myocar-
dial shortening declines. Therefore, a plot of systolic � on
the horizontal axis against myocardial shortening expressed
as EF, VCF, or percent fractional shortening (%�D) on the
vertical axis yields a tight inverse relationship (Fig. 17.9).
Data from studies of individual patients may then be com-
pared with these normal values. In Fig. 17.9, if the point
relating end-systolic � (�ES) and %�D for a given patient
lies within the confidence lines of the normal population,
myocardial contractility is likely to be normal; however, if
the �ES-%�D point lies below the normal range, contractil-
ity is depressed even if %�D is normal. Figure 17.10 shows
that the �ES-%�D relationship is shifted upward by an
increase in contractility resulting from a dobutamine infu-
sion. One caution concerning the �ES-%�D relationship is

that it is preload sensitive. That is, increases in preload will
increase %�D for any level of �ES. There is some evidence
that when VCF is substituted for %�D, the preload depen-
dence of the stress-shortening relationship is attenuated or
abolished.

Plots of systolic wall stress against LVEF have been ana-
lyzed for patients with a variety of conditions, including LV
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Figure 17.9 Relationship between left ventricular (LV) end-systolic wall stress (�ES) and % frac-
tional shortening (%�D) measured by echocardiography for 130 control points, at rest (open circles)
or during methoxamine infusion (solid circles). The inverse relationship defines normal LV myocardial
contractility. (From Borow KM, Green LH, Grossman W, et al. Left ventricular end-systolic stress-
shortening and stress-length relations in humans. Am J Cardiol 1982;50:1301, with permission.)

Figure 17.10 Upward shift in the left ventricular (LV) end-
systolic stress-shortening relation resulting from dobutamine
infusion (see text). (From Borow KM, et al. Left ventricular end-
systolic stress-shortening and stress-length relations in humans.
Am J Cardiol 1982;50:1301, with permission.)



pressure overload (Fig. 17.11). In these plots, comprised of
multiple individual data points (each point relating LV
wall � and EF for an individual patient) an inverse systolic
�-EF relationship is apparent for patients with chronic LV
pressure overload. This suggests that the depressed LVEF in
some of these individuals is caused by excessive systolic � ;
that is, the load resisting systolic shortening is abnormally
high and is responsible for a reduced extent of shortening.
This combination of high � and low EF is sometimes
referred to as afterload mismatch (46–48), and it implies
that hypertrophy has been inadequate to return systolic
wall stress to its relatively low normal level. Patients in
whom LVEF is diminished out of proportion to any increase
in systolic wall stress can be assumed to have depressed
myocardial contractility (Fig. 17.12).

A refinement of this approach involves measuring the
relation between end-systolic LV wall stress and the heart
rate–corrected velocity of fiber shortening. This approach
was found to be sensitive and preload independent in an
assessment of LV response to nitroprusside and dopamine
infusions in patients with dilated cardiomyopathy (49). In
that study, this approach was more sensitive to detecting
increased contractility than was LV dP/dt.

The advantage of �-shortening analysis over P-V diagram
analysis is that wall � takes into consideration changes in
LV geometry and muscle mass that occur in response to
chronic alterations in loading. For example, a systolic pres-
sure of 250 to 300 mm Hg imposed acutely on a normal
left ventricle would result in considerable reduction in
LVEF, perhaps down to the 20 to 30% range. This change
occurs because, in the absence of any increase in LV wall
thickness or decrease in chamber radius, systolic � would
more than double in response to such an acute pressure
overload, and this would lead to a major reduction in

LVEF. However, if the increase in systolic pressure to 250 to
300 mm Hg occurs gradually and is matched by the devel-
opment of sufficient hypertrophy in the appropriate pat-
tern, systolic wall � remains normal and fiber shortening
and LVEF do not decrease. Therefore, in the presence of sig-
nificant hypertrophy and/or altered LV geometry, �-short-
ening analysis may have considerable value.

DIASTOLIC FUNCTION

Left Ventricular Diastolic Distensibility:
Pressure-Volume Relationship

As pointed out by Henderson in 1923, “In the heart, dias-
tolic relaxation is a vital factor and not merely the passive
stretching of a rubber bag. Being vital, it is variable” (50).
Analysis of diastolic function today requires appreciation
that diastolic compliance is variable and may change sub-
stantially in a given patient from one minute to the next.
Diastolic function is summated physiologically in the
relation between LV pressure and volume during diastole
(Fig. 17.4, segment DA). Traditionally, an upward shift in
this diastolic PV relation is regarded as indicating increased
LV diastolic chamber stiffness, and a downward shift indi-
cates decreased stiffness or increased LV diastolic chamber
compliance. In the terminology of physics and engineer-
ing, stiffness, and its opposite, compliance, relate a change
in pressure (�P) to a change in volume (�V); therefore,
some investigators have restricted these terms to refer to
the slope of the diastolic P-V relation. In this regard, as
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Figure 17.11 Left ventricular (LV) ejection fraction plotted
against mean systolic circumferential wall stress, �, for 14 patients
with pure aortic stenosis (normal coronary arteries, no other valve
disease) and varying degrees of LV decompensation. The inverse
relationship is consistent with afterload excess as a principal cause
of the decreased ejection fraction. (From Gunther S, Grossman W.
Determinants of ventricular function in pressure-overload hyper-
trophy in man. Circulation 1979;59:679, with permission.)

Figure 17.12 Plot of left ventricular (LV) ejection fraction
against systolic �, similar to Fig. 17.11 but including patients with
aortic stenosis (solid circles), dilated cardiomyopathy (crosses), and
normal ventricular function (open squares). The regression line was
constructed from the patients with normal LV function and those
with aortic stenosis (see text for discussion). (From Gunther S,
Grossman W. Determination of ventricular function in pressure
overload hypertrophy in man. Circulation 1979;5:679, with permis-
sion.)



seen in segment DA of Fig. 17.4, LV diastolic stiffness
(�P/�V) is low early in diastole and rises steadily through-
out diastolic filling.

Figure 17.13 shows theoretic LV diastolic PV plots for
patients with normal, stiff, and compliant ventricular
chambers. Several problems arise when stiffness and com-
pliance are defined strictly in terms of the slope of the dia-
stolic P-V diagram, and these problems are illustrated in
Fig. 17.14. First, in some clinical conditions (e.g., angina
pectoris), the LV diastolic P-V plot shifts upward in a paral-
lel fashion, without a noticeable change in slope. These
patients have increased LV filling pressure, often with nor-
mal chamber volumes, and from a hydrodynamic point of
view the LV chamber must be regarded as presenting
increased resistance to diastolic filling. To say that LV dia-
stolic stiffness and compliance are normal in such patients
because the upward shift has been a parallel one (without
slope change) seems inappropriate. In other cases (e.g.,

after nitroprusside infusion in patients with heart failure),
there is a downward shift in the LV diastolic PV plot, with
an increase in the steepness of the plot; again, to say that
such patients exhibit increased LV diastolic stiffness seems
inappropriate, because they require a lower filling pres-
sure to achieve the same diastolic chamber dimension and
fiber stretch. Therefore, the LV diastolic P-V plot can show
changes of two types: displacement (movement of the
entire relationship upward, downward, or laterally) and
configuration change (including change in curvature). In
our studies, we have referred to upward or downward dis-
placement changes as being associated with a change in
ventricular distensibility (51). Therefore, if the LV diastolic
PV plot shifts upward, we say that the LV chamber has
become less distensible; a higher diastolic pressure is
required to fill or distend the chamber to its earlier volume
(Fig. 17.14). Similarly, a downward shift in the diastolic PV
plot is said to indicate an increase in LV diastolic distensi-
bility. The changes in curvature and/or configuration that
may accompany these displacement changes are difficult
to quantify and to interpret.

Various formulas have been developed for analyzing the
curvature of the LV diastolic P-V plot (52–55). These gener-
ally assume that the curvature is exponential, an assump-
tion that is often but not always reasonable. Diastolic P-V
and P-segment length (SL) plots constructed from a series
of end-diastolic points have been used in animal experi-
ments to assess LV diastolic compliance (56), and this
technique has been applied to clinical studies. When a
series of end-diastolic P-V or P-SL points are plotted, the
relation is more strictly exponential, and application of

Chapter 17: Function of the Ventricles and Myocardium 325

Figure 17.14 Schematic illustration of the difference between diastolic distensibility and compli-
ance. A. The left ventricular diastolic pressure-volume (P-V) relation has undergone a parallel upward
shift. Distensibility is decreased (higher diastolic pressure required to fill the ventricle to the same
chamber volume), but compliance, defined as the slope of the P-V relation, is unchanged. On the
right, superimposed on the parallel upward shift, are curves whose slopes are steeper (decreased
compliance) or less steep (increased compliance) than either of the two parallel P-V curves. This illus-
trates the importance of distinguishing distensibility from compliance, because the curve labeled
“increased compliance” nevertheless exhibits decreased diastolic distensibility, compared with the
normal PV relation. (From Grossman W. Relaxation and diastolic distensibility of the regionally
ischemic left ventricle. In: Grossman W, Lorell BH, eds. Diastolic Relaxation of the Heart. Boston:
Martinus Nijhoff, 1988:193.)

Figure 17.13 Diagrammatic representation of ventricular dia-
stolic pressure-volume relations for normal, stiff, and compliant ven-
tricles (see text for discussion).
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mathematical models and analysis is more easily justified
by the good agreement of measured data and mathemati-
cal predictions.

Clinical Conditions Influencing 
Diastolic Distensibility

Factors that influence the position of the LV diastolic PV plot
(that is, factors that influence LV diastolic distensibility) are
listed in Table 17.3. Constrictive pericarditis and pericardial
tamponade are associated with a striking upward shift in the
diastolic PV relation. This upward shift is a parallel shift
without substantial change in curvature. Pericardial restraint
is also important in the mechanism whereby altered RV
loading can alter the LV diastolic PV relation. When dis-
tended, the right ventricle can decrease LV diastolic distensi-
bility by exerting an extrinsic pressure on the LV chamber in
diastole through the shared interventricular septum, which
may actually bulge into the LV chamber. Acute RV infarction
causes dilatation of the RV chamber that, in the presence of
an intact, previously unstressed pericardium, may lead to
extrinsic compression of the LV in diastole with a hemody-
namic pattern resembling cardiac tamponade (57). The
effect of increased RV loading on LV diastolic distensibility
is an example of ventricular interaction, which is more
prominent in the presence of an intact and relatively snug
pericardium. In animal experiments, it is difficult to demon-
strate diastolic ventricular interaction once the pericardium
has been opened wide (55).

Coronary vascular turgor can influence LV diastolic
chamber stiffness (58). The LV wall has a rich blood supply,

and engorgement of the capillaries and venules with blood
makes the wall relatively stiff: For obvious reasons, this has
been referred to as the erectile effect. Although the erectile
effect is probably not of much importance when coronary
blood flow and pressure (the two components determin-
ing the degree of turgor) are in the physiologic range, a
marked fall in coronary flow and pressure (as occurs distal
to a coronary occlusion when collateral flow is poor or
absent) is associated with a decrease in stiffness of the
affected myocardium and an increase in LV diastolic dis-
tensibility.

Experimental evidence (59) supports an important role
for increased coronary venous pressure as a major determinant
of coronary vascular turgor. Increases in right atrial pres-
sure from 0 to 15 and 30 mm Hg led to substantial upward
shifts in the LV end-diastolic PV relation that could not be
attributed to right ventricular distention and a shift in the
interventricular septum. Extrinsic compression of the heart by
tumor may cause decreased LV diastolic distensibility and
may mimic cardiac tamponade.

When an upward shift in the diastolic PV relation is pres-
ent and the extrinsic factors listed in Table 17.3 cannot
clearly explain the altered distensibility, a change in one of
the intrinsic determinants of LV distensibility is likely to
be present. Altered passive elasticity caused by amyloidosis,
edema, or diffuse fibrosis may cause a restrictive cardiomy-
opathic pattern, with high LV diastolic pressure relative to
volume in the presence of reasonably well-preserved sys-
tolic function. Clinically, heart failure may be present.
Endomyocardial biopsy of the right or left ventricle may be
needed to establish the diagnosis (see Chapter 20).

Myocardial Ischemia

Abnormal diastolic relaxation can cause the diastolic P-V
relation to shift upward strikingly. During angina pectoris, a
10 to 15 mm Hg rise in average LV diastolic pressure may
occur with little or no change in diastolic volume; if this
persists for a sufficient duration (�10 to 20 minutes), pul-
monary edema may occur. Such episodes of flash pulmonary
edema in patients with essentially normal LV systolic func-
tion and normal LV chamber size generally indicate a large
mass of ischemic myocardium (60) and suggest three-ves-
sel or left main coronary artery obstruction. The decreased
LV distensibility during ischemia may be prevented in
many patients by a Ca�� channel blocking agent (61). The
mechanism of impaired myocardial relaxation during the
ischemia of angina pectoris is not understood completely,
but may be associated with diastolic Ca�� overload of the
ischemic myocytes, in part related to ischemic dysfunction
of the sarcoplasmic reticulum (62). During the ischemia of
acute coronary occlusion, an upward shift of the diastolic
P-V relation may occur if sufficient collateral blood flow is
present to permit continued systolic contraction of the
ischemic segment. If ischemia is sufficiently severe to cause
complete akinesis of the affected myocardium, however,
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FACTORS THAT INFLUENCE LEFT
VENTRICULAR (LV) DIASTOLIC CHAMBER
DISTENSIBILITY

TABLE 17.3

I. Factors extrinsic to the LV chamber
A. Pericardial restraint
B. Right ventricular loading
C. Coronary vascular turgor (erectile effect)
D. Extrinsic compression (e.g., tumor, pleural pressure)

II. Factors intrinsic to LV chamber
A. Passive elasticity of LV wall (stiffness or compliance when

myocytes are completely relaxed)
1. Thickness of LV wall
2. Composition of LV wall (muscle, fibrosis, edema, amyloid,

hemosiderin) including both endocardium and myocardium
3. Temperature, osmolality

B. Active elasticity of LV wall owing to residual cross-bridge
activation (cycling and/or latch state) through part or all of
diastole
1. Slow relaxation affecting early diastole only
2. Incomplete relaxation affecting early-, middle-, and end-

diastolic distensibility
3. Diastolic tone, contracture, or rigor

C. Elastic recoil (diastolic suction)
D. Viscoelasticity (stress relaxation, creep)



altered distensibility does not occur: incomplete relaxation
can occur only in myocytes when there has been systolic
cross-bridge activation. Also, the marked decrease in coro-
nary vascular turgor distal to a coronary occlusion with
poor or absent collaterals, together with local accumula-
tion of hydrogen ion (H�), contributes to an increase in
regional distensibility, so that the net effect on the ventric-
ular diastolic PV relation may be one of no change.

Cardiac Hypertrophy

Impaired relaxation with decreased LV diastolic distensibil-
ity is also seen in patients with hypertrophic cardiomyopathy
and during angina pectoris in patients with aortic stenosis
and normal coronary arteries.

Indices of Left Ventricular Diastolic 
Relaxation Rate

Much attention has been given to measures of LV diastolic
relaxation during the isovolumic relaxation period and dur-
ing early, middle, and late diastolic filling. These indices
may be considered as either pressure-derived or volume
flow-derived and may assess either global or regional dia-
stolic relaxation (63–83). A listing of some of these indices
and their normal values is given in Table 17.4.

Isovolumic Pressure Decay

The time course of LV pressure decline after aortic valve
closure is altered in conditions known to be associated
with abnormalities of myocardial relaxation. One of the

simplest ways of quantifying the time course of LV pressure
decline is to measure the maximum rate of pressure fall,
peak negative dP/dt. Although peak negative dP/dt is
altered by conditions that change myocardial relaxation, it
is also altered by changes in loading conditions. For exam-
ple, LV peak  negative dP/dt increases (i.e., rises in absolute
value) when aortic pressure rises. For example, an increase
in LV peak negative dP/dt from �1,500 to �1,800 mm
Hg/second could be caused by an increase in the rate of
myocardial relaxation, a rise in aortic pressure, or both. An
increase in peak negative dP/dt when aortic pressure is
unchanged or declining, however, signifies an improve-
ment of LV relaxation. LV peak negative dP/dt is decreased
during the myocardial ischemia of either angina pectoris or
infarction and is increased in response to �-adrenergic
stimulation and the phosphodiesterase inhibitor milri-
none (63). It is not increased by digitalis glycosides.

Time Constant of Relaxation

Because of the load dependency of peak negative dP/dt and
the fact that it uses information from only one point on the
LV pressure-time plot, other indices have been introduced
that analyze the time course of LV isovolumic pressure fall
more completely. In 1976, Weiss and coworkers introduced
the time constant T (or tau) of LV isovolumic pressure
decline (64). First, LV isovolumic pressure decline is fit to
the equation

P � eAt�B (17.6)

where P is LV isovolumic pressure, e is a mathematical
constant (natural logarithm base), t is time after peak
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EVALUATION OF LEFT VENTRICULAR DIASTOLIC PERFORMANCE:
NORMAL VALUES FOR SOME INDICES OF RELAXATION AND FILLING

TABLE 17.4

Parameter Normal Values Reference

Peak � dP/dt 2,660  700 mm Hg/sec 7
2,922  750 mm Hg/sec 80
1,864  390 mm Hg/sec 81
1,825  261 mm Hg/sec 82

T [logarithmic method, Eq. (17.7)] 38  7 msec 80
33  8 msec 81
31  3 msec 82

T [derivative method, Eqs. (17.8) and (17.9)] 55  12 msec 82
47  10 83

PB [derivative method, Eqs. (17.8) and (17.9)] �25  9 mm Hg 82
PFR 3.3  0.6 EDV/sec 73
Time-to-PFR 136  23 msec 73
Peak � dh/dt (posterior wall) 8.4  3.0 cm/sec 77

8.2  3.7 cm/sec 78

LV, left ventricular; peak � dP/dt � maximum rate of LV isovolumic pressure decline; T � time constant of
LV isovolumic relaxation, calculated assuming both zero pressure intercept [Eq. (17.7)] and variable pres-
sure (PB) intercept [Eqs. (17.8) and (17.9)]; PFR � LV peak filling rate, from radionuclide ventriculography,
normalized to end-diastolic volumes (EDV)/sec; peak � dh/dt � maximum rate of posterior wall thinning,
measured by echocardiography.



negative dP/dt, and A and B are constants. This can also
be expressed as

ln P � At � B (17.7)

Then the natural logarithm of LV pressure versus time is plot-
ted to allow calculation of the slope A, a negative number
whose units are seconds�1. The time constant T of isovolumic
pressure fall is then defined as �1/A (expressed in millisec-
onds) representing the time that it takes P to decline to 1/e of
its value. 

Studies by the Johns Hopkins group have suggested that
myocardial relaxation is normally complete by approxi-
mately 3.5T after the onset of isovolumic relaxation. The
normal value for T as calculated using a plot of ln P versus t
is 25 to 40 milliseconds in humans. Therefore, by 140 mil-
liseconds after the dicrotic notch, LV diastolic P-V relations
should be determined primarily by passive elastic proper-
ties of the myocardium. Because the normal LV diastolic
filling period is �400 milliseconds, it is unlikely, accord-
ing to this concept, that late- and end-diastolic PV relations
are still influenced by the relaxation process. However,
there is now considerable evidence that even in the nor-
mal myocardium, cross-bridge cycling persists to some
extent throughout diastole. This resting myocardial activ-
ity or tone makes it difficult to know what significance to
apply to the concept that relaxation is complete at 3.5T.
Nevertheless, it is important to emphasize that the relax-
ation process does progress with time through diastole, so
that slowing of the process (prolongation of T) or shorten-
ing of the diastolic filling period (e.g., tachycardia) results
in a greater resistance to early and even late diastolic filling.

Another approach to the measurement of T uses a
more general equation to describe LV isovolumic pressure
decline (65):

P � Poe
�t/T � PB (17.8)

In this formulation, if diastole were infinite in duration 
(t � q), P would decay to a residual pressure, PB. In the ini-
tial formulation by Weiss and coworkers (64), P always
declines toward zero in long diastoles. The more general for-
mula allows for two variables: T (which equals �1/A) and PB.
Work by Carroll and coworkers (66), as well as other groups
(63), has shown that both PB and T can vary with physiologic
maneuvers (e.g., exercise, ischemia). The biologic meaning of
PB is uncertain, although there has been speculation that it
may reflect the level of diastolic myocardial tone. A problem
with both PB and T is that there is experimental evidence
that the speed of the relaxation process itself is altered by
myofiber stretch that occurs after mitral valve opening.

When T is to be derived from the formulas that assume
a variable pressure intercept (PB), the calculation is often
accomplished by taking the first derivative (65):

P � Poe�t/T � PB

(17.9)

Here, a plot of dP/dt versus (P � PB) has the slope �1/T.

dP/dt � �
1
T

 (P � PB)

Normal values in humans for T calculated by either the
logarithmic method (asymptote � 0) or the derivative
method (variable asymptote) are listed in Table 17.4.

Interesting experimental data comparing the two meth-
ods of calculating T with a gold standard were published
by Paulus and coworkers (67). They measured LV pressure
decay with a micromanometer catheter during isovolumic
beats generated using an Inoue balloon to occlude the
mitral valve orifice in patients with mitral stenosis who were
undergoing balloon valvuloplasty. LV pressure declined to
an asymptote of 2  3 mm Hg, and T was calculated from
a monoexponential curve fit using the measured asymp-
tote pressure. This T was considerably shorter than the T
calculated by the derivative (variable asymptote) method
and was much closer to the value obtained by the original
Weiss logarithmic method (64), which assumes a zero
asymptote.

Not only slow myocardial relaxation but also asyn-
chrony of the relaxation process within the ventricular
chamber results in a prolongation of T. In addition, T is
probably not completely independent of loading condi-
tions, although the influence of altered loading is relatively
small. Measurement of T should be attempted only from
LV pressure tracings obtained with high-fidelity, micro-
manometer-tipped catheters, or from fluid-filled systems
with demonstrated optimal damping and high (�25 Hz)
natural frequencies (see Chapter 7). Of interest, investiga-
tors have reported the noninvasive assessment of LV relax-
ation by continuous-wave Doppler echocardiography in
patients with some degree of mitral regurgitation (68,69).
The Doppler mitral regurgitant velocity profile is recorded,
digitized, and converted to ventriculoatrial pressure gradi-
ent curves with the use of the simplified Bernoulli equa-
tion and differentiated into instantaneous dP/dt. The
relaxation time constant is then calculated assuming a
zero-pressure asymptote (Fig. 17.15). In general, close cor-
relations are seen between measurements of T made by
this technique and those made from simultaneous LV
micromanometer pressure measurements (68,69). However,
accurate prediction of actual T was improved substantially
when a measure of left atrial pressure was incorporated in
the analysis.

Volume-Derived Indices of Relaxation

Peak Filling Rate
After mitral valve opening, ventricular filling usually pro-
ceeds briskly with an initial rapid filling phase, a middle
slow filling phase, and a terminal increase in filling rate
associated with atrial systole. The rapid filling phase may
be characterized by a maximum or peak filling rate (PFR)
and time-to-PFR. PFR is usually determined by plotting
LV volume against time, fitting the initial portion of this
plot after mitral valve opening to a third- (or higher-)
order polynomial, and solving for the first derivative of
this polynomial. LV volume for this calculation may be
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obtained from the LV cineangiogram or from radionu-
clide techniques.

As one might expect, PFR is preload dependent: inter-
ventions that raise left atrial pressure increase PFR, and
interventions that reduce pulmonary venous return and
left atrial pressure cause PFR to decrease (70). However, an
increase in PFR that occurs when LV filling pressure (pul-

monary capillary wedge pressure, left atrial pressure, or LV
diastolic pressure) is unchanged or falling can reasonably
be taken as an indication that LV relaxation has improved.
For example, PFR has been shown to decrease during
angina pectoris (71) when LV filling pressure is increasing.
Because the rise in LV filling pressure by itself would cause
an increase in PFR, the fall in PFR that is actually observed
most likely indicates slowed relaxation of the myo-
cardium, consistent with the other findings in this condi-
tion (fall in peak negative dP/dt, prolongation of T) that
suggest impaired relaxation of the ischemic myocardium.
PFR is reduced in patients with coronary stenoses, even in
the absence of overt ischemia, and improves after coro-
nary angioplasty (72). PFR is also reduced in patients
with hypertrophic cardiomyopathy and improves after
administration of a calcium-blocking agent (73). PFR is
usually normalized for end-diastolic volume (EDV) and
expressed as EDV/second. Cardiac dilatation by itself
tends to depress PFR, exaggerating its preload depen-
dence.

Regional Diastolic Dysfunction
Diastolic dysfunction of specific regions of the left ven-
tricle may be difficult to assess solely by examination of a
global parameter of LV diastolic function such as the
time constant of relaxation or the PFR. As pointed out by
Pouleur and Rousseau (74), the time course of LV isovo-
lumic pressure decline underestimates the severity of
regional impairment in the rate of relaxation. Marked
slowing of regional relaxation in an area of myocardial
ischemia is partially masked by normal or enhanced
rates of relaxation in adjacent normal regions of
myocardium. Regional wall stress measurements have
been proposed as an ideal way to assess regional rates of
relaxation, but these can be made only by having knowl-
edge of simultaneous LV pressure wall thickness and
geometry (74).

A more practical way of assessing regional LV myocar-
dial relaxation involves measurement of changes in
regional LV chamber volume during isovolumic relaxation
(Fig. 17.16) as well as regional PFR (75–77). Regional LV
area may not be constant for each segmental area during
“isovolumic” relaxation in the dysfunctional ventricle.
Instead, some regions may increase while others decrease
in area, owing to either asynchrony or regional slowing of
the relaxation process, with resultant differences in active
wall tension in different parts of the left ventricle. An
example of the application of this approach to measure-
ment of regional myocardial relaxation is seen in a hemo-
dynamic study by Friedrich and coworkers (75) of 20
adult patients with LV hypertrophy resulting from aortic
stenosis (mean aortic valve area, 0.7  0.2 cm2). LV global
diastolic function was abnormal, with a T of 58  4 mil-
liseconds and a time-to-PFR of 378  63 milliseconds.
Enalaprilat, an angiotensin-converting enzyme inhibitor,
was infused into the left coronary artery, and regional LV
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Figure 17.15 Doppler technique for measuring left ventricular
(LV) rate of pressure fall, dP/dt, and the time constant of LV relax-
ation (T ), using Doppler mitral regurgitant velocity spectrum
(A, top), LV-left atrial pressure gradient and its first derivative (A,
bottom), and linear plot of log LV-estimated pressure (P) versus
time (B), with T � 1/slope. (From C Chen, et al. Doppler derived
dP/dt and T in mitral regurgitation. J Am Coll Cardiol 1994;23:970,
with permission.)



diastolic function was assessed in both the anterior wall
(perfused by enalaprilat) and the inferior wall. LV area
change during isovolumic relaxation increased in anterior
segments and decreased in inferior segments (Fig. 17.17),
suggesting improved diastolic relaxation of the hypertro-

phied myocardium in response to angiotensin-converting
enzyme inhibition (75), something seen previously only
in animal experiments (76).

Rate of Wall Thinning
Another index of diastolic function, similar in some ways to
PFR, is the peak rate of diastolic LV wall thinning. This can
be measured echocardiographically by plotting posterior or
septal wall thickness against time, fitting the data to a poly-
nomial, and taking the first derivative (77–79). The posterior
wall thickness, h, and its first derivative, dh/dt, reflect regional
diastolic function of the posterior wall myocardium. An
advantage of peak negative dh/dt over PFR is that it assesses
regional myocardial function, whereas PFR describes behav-
ior for the whole ventricle and is insensitive when equal and
opposite changes in diastolic function are occurring in dif-
ferent parts of the LV chamber. Peak negative dh/dt decreases
during angina, even though LV filling pressure rises (79).

Various other indices of diastolic myocardial relaxation
have been proposed. Most are imperfect, as are the ones dis-
cussed here. However, important information about dia-
stolic relaxation and distensibility usually can be gleaned
from examination of the parameters discussed in this chap-
ter, taken in the context of the clinical setting and other
hemodynamic findings in an individual patient.
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Fundamental concepts of coronary physiology and myocar-
dial blood flow, once the subject of research studies, are
now used in daily clinical practice. Despite the excellent
imaging provided by coronary angiography and intravascu-
lar ultrasound, the weak correlation between luminal
anatomy and coronary blood flow reserve makes such
direct measurements of coronary flow physiology in the
catheterization laboratory very valuable in evaluating
angiographically borderline lesions and other phenomena
such as no reflow. This chapter thus reviews the physiology
of coronary flow regulation and the techniques most widely
used to evaluate myocardial blood flow and metabolism,
emphasizing catheter-based methods such as the intracoro-
nary pressure and Doppler flow velocity guidewires.

CONTROL OF MYOCARDIAL BLOOD
FLOW: THE MYOCARDIAL OXYGEN
SUPPLY AND DEMAND RELATIONSHIP

The control of myocardial blood flow is based on balanc-
ing the myocardial oxygen supply and demand relation-
ship, which states that the heart requires a sufficient
quantity (supply) of oxygen for any given oxygen need
(demand), to prevent ischemia or infarction. The heart is
an aerobic organ that relies almost exclusively on the real-
time oxidation of substrates for energy generation, with lit-
tle ability to accumulate an oxygen debt as is seen with
skeletal muscle. In a steady state, cardiac metabolic activity
is thus accurately measured by myocardial oxygen demand

(MVO2). The total metabolism of an arrested, quiescent
heart is approximately 1.5 mL/minute per 100 gm, as
required to support those physiologic processes not
directly associated with contraction. In contrast, a beating
canine heart has MVO2 ranging from 8 to 15 mL/minute
per 100 gm (1–3).

The heart is a relative omnivore, metabolizing sub-
strates such as glucose, free fatty acids, lactate, amino acids,
and ketones. These substrates are critical for the generation
of high-energy phosphates (ATP and creatine phosphate;
3,4) that supply the energy requirements of the myocardium.
At rest, the rate of force development and the frequency of
force generation per unit time accounts for approximately
60% of myocardial energy use; myocardial relaxation
accounts for approximately 15% of energy use; electrical
activity accounts for 3 to 5%; and basal cellular metabo-
lism accounts for the remaining 20% of energy use (5)
(Fig. 18-1, Table 18-1). As workload increases, myocardial
contractile function consumes an even greater fraction of
high-energy phosphate availability. Any compromise in
substrate availability causes the myocardium to minimize
energy expenditure on mechanical work and divert the
remaining high-energy substrates for the continued main-
tenance of cellular integrity, thus setting the stage for
myocardial “hibernation” (6,7).

Under normal aerobic conditions, several substrates
contribute simultaneously to meeting myocardial energy
needs: free fatty acid (65%), glucose (15%), lactate and
pyruvate (12%), and amino acids (5%; 3,4). Under aerobic
conditions, glycolysis plays only a minor role. In fact,



lactate is actually extracted by the myocardium, converted
into pyruvate, and oxidized by way of the Krebs cycle. In the
fasting state, when serum fatty acids are high, myocardial
glucose uptake tends to be suppressed in favor of fatty acid
utilization. But after an oral glucose load, or when a fall in
myocardial blood flow or oxygen supply leads to a reduc-
tion or loss in mechanical function, glucose uptake is
enhanced and fatty acid oxidation declines. Whereas glu-
cose metabolism is preferentially aerobic, decreasing oxy-
gen availability decreases high-energy phosphate and leads
to the accumulation of ATP breakdown products (ADP,
AMP, and other nucleosides). The myocardium then turns
toward enhancing glycogenolysis and glycolysis to aug-
ment ATP production. In doing so, the pyruvate–lactate
equilibrium is shifted toward lactate formation, causing net
transmyocardial lactate production rather than extraction.
Under extreme conditions, increasing cytosolic lactate and

hydrogen ion concentrations leads to inhibition of residual
glycolysis, deprives the cell of even anaerobic ATP produc-
tion, and begins a sequence of biochemical events that
may lead to complete cessation of energy production with
irreversible cellular injury.

The three major physiologic determinants of MVO2 are
heart rate, myocardial contractility, and myocardial wall
tension or stress (2). Additional factors are shown in
Table 18.2.

1. Heart rate is the most important determinant of MVO2.
When heart rate doubles, myocardial oxygen uptake
approximately doubles. Heart rate is a dominant factor
in the supply and demand ratio for two reasons:
Increases in heart rate also increase oxygen consump-
tion, and increases in heart rate reduce subendocardial
coronary flow owing to shortening of the diastolic fill-
ing period. Subendocardial ischemia thus may occur
during tachycardia because of simultaneously increas-
ing demand (tachycardia) and compromised flow for
the subepicardium (3). 

2. Myocardial contractility is related to myocardial oxygen
consumption by the degree of pressure work per heart
beat. The net effect of positive inotropic stimuli (e.g.,
Ca�� and catecholamines) on MVO2 is the result of wall
tension (which declines with a reduction in heart size),
and myocardial contractility (which is increased by
inotropic stimuli). The decrease in MVO2 that might be
expected to result from falling ventricular wall tension is
opposed by the increase in contractility, which tends to
augment MVO2. In the absence of heart failure, drugs
that stimulate myocardial contractility elevate MVO2

because heart size and therefore wall tension is not
reduced substantially and does not offset the effect of
enhanced contractility. 

3. Myocardial wall tension is proportionate to the aortic
pressure, myocardial fibril length, and ventricular vol-
ume. Myocardial oxygen consumption doubles as mean
aortic pressure increases from 75 to 175 mm Hg, at
constant heart rate and stroke volume. Comparing the
relative effects of ventricular pressure, stroke volume,
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Figure 18.1 Basal metabolism, activation energy, tension-
related energy, and energy for external work as components of
myocardial oxygen consumption at various levels of cardiac output.
(With permission from Ando H, Nakano E, Ueno Y, Tokunaga K.
New techniques for analysis of cardiac energetics using a modified
Fenn equation. J Thorac Cardiovasc Surg 1989;97:565.)

MYOCARDIAL OXYGEN CONSUMPTION
COMPONENTS TOTAL: 6–8 ML/MIN PER 
100 GM

TABLE 18.1

Distribution
Basal 20% Volume work 15%
Electrical 1% Pressure work 64%

Effects on MV�O2 of 50% increases in
Wall stress 25% Heart rate 50%
Contractility 45% Volume work 4%
Pressure work 50%

The table demonstrates the dominant contribution to myocardial
oxygen consumption (MV�O2) made by pressure work and prominent
effects of increasing pressure work and heart rate on MV�O2.
(Reproduced with permission from Gould KL. Coronary Artery
Stenosis. New York: Elsevier, 1991:8.)

DETERMINANTS OF MVO2

TABLE 18.2

Heart Rate
Contractile state
Tension development
Activation
Depolarization
Direct metabolic effect of catecholamines
Family history of coronary artery disease
Fatty acid uptake
Maintenance of active state
Maintenance of cell viability in basal state
Shortening against a load (Fenn effect)



and heart rate on MVO2, researchers found that ventric-
ular pressure development is a key determinant of
MVO2. MVO2 per beat correlated well with the area
under the LV pressure curve (time � pressure), termed
the tension-time index, a more accurate determinant of
MVO2 than is the developed pressure alone (3,5).
Tachycardia elevates MVO2 by increasing the frequency
of tension development per unit time, as well as by
increasing contractility.

MVO2 is also influenced by the degree of myocardial
shortening during stroke volume ejection, although less so
than by tension development. The systolic pressure-rate
product (also known as the double product) can be used as
an estimate of MVO2 in a clinical setting, such as exercise
or pacing tachycardia, recognizing the limited accuracy.
MVO2 closely correlates with the LV systolic pressure-
volume loop area, the external mechanical work, the end-
systolic elastic potential energy in the ventricular wall, the
area enclosed by the systolic pressure-volume trajectory,
and the Emax line.

Determinants of Myocardial Oxygen Supply

Myocardial oxygen supply is provided by blood transiting
the coronary and capillary circuit at an adequate perfusion
pressure (mean arterial pressure) and with a satisfactory
hemoglobin function and concentration to carry and
deliver oxygen to the myocardial cells. A breakdown in any
linkage of the supply side factors can result in an inade-
quate myocardial oxygen supply and myocardial ischemia. 

Regulation of Coronary Blood Flow 
and Resistance

Coronary arterial resistance (R, pressure/flow) is the summed
resistances of the epicardial coronary conductance (R1),
precapillary-arteriolar (R2), and intramyocardial capillary
(R3) resistance circuits (8; Fig. 18.2). Normal epicardial
coronary arteries in humans are typically 0.3 to 5 mm in
caliber and do not offer appreciable resistance to blood
flow. Even at the highest level of blood flow, there is no
detectable resistance as would be manifest as a pressure
drop along the length of human epicardial arteries (9),
making large epicardial vessel resistance (R1) trivial until
atherosclerotic obstructions develop. Most of the epicar-
dial vessel wall consists of a muscular media that responds
to changes in aortic pressure and modulates coronary tone
in response to flow-mediated endothelium dependent
vasodilators, circulating vasoactive substances, and neuro-
humoral stimuli. Large conduit arteries are unaffected by
myocardial metabolites because of their extramural location,
but can produce episodic increases in resistance during
severe focal or diffuse contraction (vasospasm) in the
absence of atherosclerosis. One exception is myocardial
bridging, in which intramyocardial vessel segments may

offer increased resistance during systole owing to mechani-
cal compression of the bridged segment during ventricular
contraction.

Changes in epicardial and arteriolar coronary resis-
tances during physiologic or pharmacologic stimuli can be
considered either primary or secondary vasomotor events
(Fig. 18-3). Primary vasodilation signifies an alteration in
myocardial vessel tone and perfusion with no preceding
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Figure 18.2 Diagram of coronary resistances. The epicardial
arteries (R1) normally have negligible resistance until an atheroscle-
rotic narrowing occurs (top artery). The precapillary arterioles (R2)
regulate most of the coronary flow to the microvascular bed (R3).
Diseased epicardial vessels are often connected to normal blood
flow regions by collateral channels. (Modified from Dr. Bernard
DeBruyne with permission.)

Figure 18.3 Primary and secondary coronary vasomotion as
determined by the simultaneous measurement of coronary blood
flow (FLOW) and coronary venous oxygen saturation (CSO2 SAT).
Primary vasodilation causes a rise in flow at constant myocardial
oxygen consumption (MVO2), resulting in lower transmyocardial
oxygen extraction. In contrast, in secondary coronary vasodilation,
an increase in myocardial oxygen consumption obliges a sec-
ondary rise in coronary blood flow with either constant or reduced
coronary sinus oxygen saturation. (With permission from Baim DS,
Rothman MT, Harrison DC. Simultaneous measurement of coro-
nary venous blood flow and oxygen saturation during transient
alterations in myocardial oxygen supply and demand. Am J Cardiol
1982;49:743.)



test modalities for ischemia. In clinical practice for an indi-
vidual patient, however, this relationship is unpredictable
given complex three-dimensional anatomy, imprecise cor-
relation between angiographic estimate of diameter steno-
sis reduction, and true lumen cross-sectional area.
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MEDIATORS OF CORONARY VASODILATIONa

TABLE 18.4 

Stimulus Epicardial arteries
Arterioles, increased flow

Acetylcholine
Endothelial* Nitric oxide*

Flow shear
Nitric oxide* Endothelial*

Exercise
Metabolic,* nitric oxide, neural Nitric oxide,* neural

Pacing
Nitric oxide,* metabolic Nitric oxide*

Ischemia or hypoxia
Metabolic,* nitric oxide Metabolic,* nitric oxide

Perfusion pressure
Myogenic* Myogenic*

Reactive hyperemia Myogenic, flow shear
Myogenic,* flow shear, 

metabolic, nitric oxide, 
prostacyclin

Dipyridamole, adenosine
Direct dilator,* nitric oxide No direct effect

Nitroglycerine
No direct effect Direct dilator

Collaterals
Nitric oxide,* prostaglandin —

aPrimary mechanism* followed by secondary or contributing mecha-
nisms; endothelial, unknown mediator, not oxide; metabolic, unknown
mediators or mechanisms or mechanisms but in part mediated by
adenosine.
From Gould L. Coronary Artery Stenosis and Reversing Atherosclerosis,
2nd Ed. New York: Arnold and Oxford University Press, 1998.

REGULATION OF CORONARY CIRCULATION
TABLE 18.3

Mechanism Effector

Autoregulation Intrinsic vasoconstrictor tone
Perfusion pressure Aortic or poststenotic pressure
Metabolic activity Exercise, ischemia
Myocardial compression Systolic-diastolic interaction

and myogenic mechanisms
Neural control Sympathetic, parasympathetic,

pain
Endothelium EDRF, EDCF
Pharmacologic Dipyridamole, adenosine, 

acetylcholine, �-, �-agonists
and antagonists, and so on

EDRF, endothelial derived relaxing factor; EDCF, endothelial derived
constricting factor. Modified from Gould L. Coronary Artery Stenosis
and Reversing Atherosclerosis, 2nd ed. New York: Arnold and Oxford
University Press, 1998.

change in myocardial oxygen demand. Secondary vasodila-
tion refers to changes in vessel tone and blood flow that
occur in response to alterations in myocardial oxygen con-
sumption (10).

Precapillary arterioles (R2) are resistive vessels connect-
ing epicardial arteries to myocardial capillaries and are
the principal controllers of coronary blood flow (8).
Precapillary arterioles (100 to 500 microns in size) con-
tribute approximately 25 to 35% of total coronary resist-
ance. The prearteriolar resistance function autoregulates the
driving pressure at the origin of the precapillary arterioles
within a finite pressure range. This regulatory function is
also influenced by myogenic and flow-dependent vasodi-
latation related to shear stress.

The microcirculatory resistance (R3) consists of a dense
network of about 4,000 capillaries per square millimeter,
which ensures that each myocyte is adjacent to a capillary.
Capillaries are not uniformly patent because precapillary
sphincters regulate flow according to oxygen demand.
Several conditions, such as LV hypertrophy, myocardial
ischemia, or diabetes, can impair the microcirculatory resist-
ance (R3) and blunt the normal maximal increases in coro-
nary flow. Increased R3 resistance may also be associated
with elevated resting blood flow above that expected for the
existing myocardial oxygen demand, resulting in reduced
coronary flow reserve (i.e., the hyperemic/basal flow ratio). 

As in any vascular bed, blood flow to the myocardium
depends on the coronary artery driving pressure and the
resistance produced by the serial vascular components.
Coronary vascular resistance, in turn, is regulated by sev-
eral inter-related control mechanisms that include myocar-
dial metabolism (metabolic control), endothelial (and
other humoral) control, autoregulation, myogenic control,
extravascular compressive forces, and neural control. These
control mechanisms may be impaired in diseased states,
thereby contributing to the development of myocardial
ischemia (Tables 18.3, 18.4). 

Coronary vasodilator reserve is the ability of the coronary
vascular bed to increase flow above the basal level in
response to a mechanical or pharmacologic stimuli, to a
maximal (or near maximal) hyperemic level. Such stimuli
include the reactive hyperemia that follows transient coro-
nary occlusion, exercise, or the administration of various
pharmacologic agents. Coronary flow reserve is expressed
as the ratio of maximal hyperemic flow to resting coronary
flow—a ratio that averages from 4 to 7 in experimental ani-
mals and from 2 to 5 in man (11,12). In experimental ani-
mal studies, increasing conduit stenosis (R1) produces a
predictable decline in coronary flow reserve, beginning at
about a 60% artery diameter narrowing. At diameter
stenoses �80 to 90%, all available coronary reserve has
been exhausted and resting flow begins to decline (13–15;
Fig. 18.4). This relationship between increasing stenosis
severity and reduced available flow reserve has been used
in assessing the effective physiologic severity of any given
coronary lesion and forms the basis of many noninvasive



Furthermore, the influence of a stenosis on coronary
blood flow is related principally to the morphologic features
of the stenosis with resistance to flow changing exponen-
tially with lumen cross-sectional area (the most commonly
used measure of severity) and linearly with lesion length
(Fig. 18.5). Additional factors contributing to stenosis resist-
ance include the shape of the entrance and exit orifices,
vessel stiffness, distensibility of the diseased segment (per-
mitting active or passive vasomotion), and the variable
lumen obstruction that may be superimposed by platelet
aggregation and thrombosis compromising lumen area, a
process active in acute coronary syndromes (16).

As blood traverses a diseased arterial segment, turbu-
lence, friction, and separation of laminar flow causes
energy loss resulting in a pressure gradient (�P) across the
stenosis. Using a simplified Bernoulli formula for fluid
dynamics, pressure loss across a stenosis can be estimated
from blood flow as follows: 

�P � fQ � sQ2 (18.1)

(18.2)¢P �
1.8Q

d4
sten

�
6.1Q2

d4
sten

where �P is the pressure drop across a stenosis in millime-
ters of mercury (mm Hg), Q is the flow across the stenosis
in milliliters per second, and dsten is the minimal diameter
of the stenosis lumen in millimeters. In equation (18.1),
the first term (f) accounts for energy losses owing to vis-
cous friction between laminar layers of fluid and the sec-
ond term (s) reflects energy loss when normal arterial flow
is transformed first to high-velocity flow in the stenosis
and then to the turbulent nonlaminar distal flow eddies at
the exit from the stenosis (inertia and expansion).

Where As � stenotic segment cross-sectional area, p � blood
density, 
 � blood viscosity, L � stenosis length, An � normal
artery cross-sectional area. 

It is important to note that the separation energy loss
term (s) increases with the square of the flow while viscous
energy loss (f) becomes negligible. Thus, increases in coro-
nary blood flow increase the associated pressure gradient in
an exponential manner. Despite augmentation of coronary
blood flow, the increasing pressure loss across the stenotic
segment reduces myocardial perfusion pressure and lowers
the threshold for myocardial ischemia relative to demand
(17).

From equation (18.2), the trans-stenotic pressure drop
is inversely proportional to the fourth power of the lumen
radius. As a consequence, in a severe stenosis, relatively
small change in luminal diameter (such as caused by active
or passive vasomotion or transient obstruction by throm-
bus) can produce marked hemodynamic effects. For exam-
ple, when the diameter stenosis is increased from 80 to
90%, the resistance of a stenosis rises nearly threefold. For
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Figure 18.4 Resting and maximally vasodilated coronary pres-
sure-flow relationships. Coronary flow reserve, the ratio of maxi-
mally vasodilated flow to resting flow, is a complex function of the
actual position of the maximally vasodilated and resting flow
curves. The slope of maximal vasodilation can be shifted by hyper-
trophy and changes in hemodynamics as can the basal flow be
altered by similar events, thus explaining different CFR (maximal
vasodilation/basal flow ratio) under different conditions and in dif-
ferent patients. (With permission from Klocke FJ. Measurements of
coronary flow reserve: defining pathophysiology versus making
decisions about patient care. Circulation 1987;76:1183.)

Figure 18.5 Diagrammatic illustration of the Bernoulli equation.
�P, pressure gradient; As, area of the stenosis; An, area of the nor-
mal segment; L, stenosis length; Q� , flow; f1, viscous friction factor
(f); f2, separation coefficient (s). See text for details.



most stenoses, the length of the narrowing has only a mod-
est effect on its physiologic significance. However, in very
long narrowed segments, significant turbulence occurs
along the walls of the stenotic segment and energy is dissi-
pated as heat when eddies form and impact on the vessel
wall. In addition, a preserved arc of vascular smooth mus-
cle in some diseased arteries may be compliant and sub-
ject to dynamic changes that can alter luminal caliber and
stenosis resistance. Dynamic changes in stenosis severity
and resistance can also occur passively in response to
changes in intraluminal distending pressure or selective
dilation of distal resistance vessels. Thus for a given
stenosis, there is a family of pressure-flow relationships
reflecting altered stenosis diameter and variable distend-
ing pressure. 

Despite mild or moderate epicardial stenoses, coronary
blood flow is maintained by compensatory vasodilatory
regulation of the microcirculation (autoregulation). Resting
coronary blood flow remains constant until epicardial
luminal narrowing exceeds 85 to 90% diameter. However,
unlike resting flow, maximal hyperemic coronary blood
flow is attenuated when diameter stenosis approaches 45 to
60% (Fig. 18.6). The capacity to increase coronary blood
flow in response to a hyperemic stimulus, called coronary
reserve (CVR), is abolished when diameter stenosis �90%.
Factors responsible for reduced CVR in absence of epicar-
dial stenosis are shown in Table 18.5.

MEASUREMENT OF MYOCARDIAL
METABOLISM

Measurement of myocardial metabolism may be performed
noninvasively (i.e., positron emission tomography scan-
ning) or invasively by transmyocardial sampling tech-
niques that involve acquisition of simultaneous arterial
and coronary venous (i.e., coronary sinus) blood. Specialized
blood products commonly used in the determination of
changes in myocardial metabolism include serum pyru-
vate, lactate, oxygen, and other metabolic or hematologic
blood components. The transmyocardial extraction of
pharmaceutical agents after systemic or intracoronary
delivery can also be determined by the transmyocardial
sampling for measurement of the arterial-venous concen-
tration difference, along with measurement of blood flow
per unit time. 

In studies involving ischemic myocardial metabolism,
the most commonly measured products are lactate and
oxygen. Specialized chilled collection tubes containing an
agent (perchloric acid) to stop red cell metabolism and
prevent clotting are prepared. Samples should be obtained
in pairs and serial containers labeled in advance of the pro-
cedure. Chemical assays need to be able to measure small
differences in normal lactate levels across the myocardium.
Clinical laboratory tests calibrated to high lactate levels for
lactate acidosis are unsuitable for the small differences of
transmyocardial measurements. Myocardial catecholamines
(norepinephrine, epinephrine) and other vasoactive medi-
ator products, such as prostaglandins, can be measured if
sample tubes are placed immediately in ice to prevent
platelet activation after blood withdrawal through a long
narrow catheter lumen. Large-bore (�6F) heparin-coated
catheters may be required to assess platelet products.

In the setup of any measurement system for myocardial
metabolism, advanced preparation of the sampling tubes
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Figure 18.6 Coronary flow reserve expressed as ratio of maxi-
mum to resting flow plotted as a function of percent diameter nar-
rowing. With progressive narrowing, resting flow does not change
(dashed line, where as maximum potential increase in flow and
coronary flow reserve begins to be impaired at approximately 50%
diameter narrowing). The shaded area represents the limits of vari-
ability of data about the mean. (From Gould KL, Lipscomb K,
Hamilton GW. Physiologic basis for assessing critical coronary
stenosis: instantaneous flow response and regional distribution
during coronary hyperemia as measures of coronary flow reserve.
Am J Cardiol 1974;33:87–94.)

FACTORS RESPONSIBLE FOR MICROVASCULAR
DISEASE AND REDUCTION OF CORONARY
FLOW RESERVE

TABLE 18.5

Abnormal vascular reactivity
Abnormal myocardial metabolism
Abnormal sensitivity toward vasoactive substances
Coronary vasospasm
Myocardial infarction
Hypertrophy
Vasculitis syndromes
Hypertension
Diabetes
Recurrent ischemia

From Baumgart D, et al. Current concepts of coronary flow reserve for
clinical decision making during cardiac catheterization. Am Heart J
1998; 136:136–149.



and collection method should be made. Additional equip-
ment, such as an iced bath, a centrifuge (in the laboratory),
or a series of dilutional tubes may be needed. Although the
techniques are not complicated, advanced preparation will
facilitate studies without error or unnecessary prolonga-
tion of the study.

MEASURING MYOCARDIAL BLOOD
FLOW IN THE CARDIAC CATH LAB

Historically, noninvasive techniques for measuring myocar-
dial blood flow in patients included radionuclide tracer
clearance and positron emission tomography, but recently
magnetic resonance imaging has become increasingly
important in the determination of myocardial blood flow
and function. Catheter-based methods used in the evalua-
tion of coronary flow include angiography, intracoronary
pressure and Doppler sensor-guidewires, and coronary
venous (sinus) efflux measurements.

ANGIOGRAPHIC BLOOD 
FLOW ESTIMATION

Since its introduction by the Thrombolysis in Myocardial
Infarction (TIMI) investigators in 1985 (18), a simple,
qualitative grading of angiographic coronary flow rates
(Table 18.6) to assess the efficiency of reperfusion therapy
has been widely used to gauge the restoration of perfusion
in clinical trials. Improved TIMI flow grades are associated
with improved outcomes (19–21). 

A quantitative method of TIMI flow counts the number
of cine frames from the introduction of dye in the coronary
artery to a predetermined distal landmark. Cineangiography
is performed with 6-French catheters and filming at 30
frames per second. The TIMI frame count for each major
vessel is thus standardized according to specific distal land-
marks. The first frame used for TIMI frame counting is that

in which the dye fully opacifies the artery origin and in
which the dye extends across the width of the artery, touch-
ing both borders with antegrade motion of the dye. The
last frame counted is when dye enters the first distal land-
mark branch. Full opacification of the distal branch segment
is not required. Distal landmarks used commonly in analy-
sis are the following: (1) for the left anterior descending
(LAD), the distal bifurcation of the left anterior descending
artery; (2) for the circumflex (CFX) system, the distal bifur-
cation of the branch segments with the longest total dis-
tance; (3) for the right coronary artery (RCA), the first
branch of the posterolateral artery (22; Fig. 18.7).

The TIMI frame count (TFC) can further be corrected
(corrected TIMI frame count, or CTFC) by normalizing for
the length of the left anterior descending coronary artery
for comparison with the two other major arteries; CTFC
thus accounts for the distance the dye has to travel in the
LAD relative to the other arteries (22). The average LAD
coronary artery is 14.7 cm long, the right 9.8 cm, and the
circumflex 9.3 cm. CTFC divides the absolute frame count
in the LAD by 1.7 to standardize the distance of dye travel
in all three arteries. Normal TFC and CTFC for LAD is 36 

3; for the CFX TFC, 22  4; for the RCA TFC, 20  3, but
each has a CTFC of 21  2. Table 18.7 provides reference
values for CTFC. High CTFC may be associated with
microvascular dysfunction despite an open artery, whereas
CTFCs of �20 frames are associated with normal microvas-
cular function and a low risk for adverse events in patients
following myocardial infarction (Table 18.7). 

The TIMI frame count method has several limitations.
Gibson et al. (23) and Kern et al. (24) suggested that visual
estimates of TIMI flow in the usual clinical setting bear
little relationship to the quantitative TIMI frame count or
measured Doppler flow velocity and that even noninfarct-
related coronary arteries may show prolonged frame counts
compared with normal values. Most likely, these prolonged
TIMI frame counts are associated with microvascular dys-
function, even in the presence of an open artery (25).
CTFCs �20 but �40 frames per second (the cutoff value
for TIMI grade 3 flow) showed a higher risk for adverse
outcome (26). Prolonged CTFCs 4 weeks after myocardial
infarction appear to be associated with impaired infarct-
artery-related flow at 1 year (26).

Injection technique can also impact on the CTFC. Using
7F diagnostic catheters, a mean increase of 1.0 mL/second
of standard hand injections (10th to 90th percentile of left
coronary injections: 1.5 to 2.5 mL/second; right coronary
injections: 1.1 to 2.1 mL/second) induced a decrease of
two frames in the CTFC (27).

To measure absolute angiographic coronary flow veloc-
ity, a guidewire can be used to determine the intravascular
distance between ostium and TIMI landmark (23). The
guidewire tip is positioned distally and marked with one
Kelly clamp. The wire is withdrawn to the coronary ostium
and marked with a second clamp, and the distance
between clamps is measured. Velocity is then calculated
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TIMI FLOW GRADES
TABLE 18.6

Normal distal runoff (TIMI 3) Contrast material flows briskly into
and clears rapidly from the distal segment

Good distal runoff (TIMI 2) Contrast material opacifies the distal
segment, but flow is perceptibly slower than in more proximal
segments and/or contrast material clears from the distal segment
slower than from a comparable segment in another vessel

Poor distal runoff (TIMI 1) A portion of contrast material flows
through the stenosed arterial segment, but the distal segment is
not fully opacified

Absence of distal runoff (TIMI 0) No contrast material flows
through the stenosis



Figure 18.7 Top. Anatomic landmarks used for TIMI frame count-
ing in the left anterior descending coronary artery. Second row.
Anatomic landmarks used for TIMI frame counting in the left circum-
flex coronary artery. The artery used for TIMI frame counting is the
artery with the longest total distance along which dye travels in the
left circumflex coronary artery system and yet passes through the cul-
prit lesion. When the culprit lesion is proximal to two arteries with
equal total dye-path distances, the artery that arises more distally
from the left circumflex coronary artery is used. The anatomic end
point is the distalmost branch in the target artery. Usually, this end
point branch can be found at approximately the midpoint of the distal
third of the artery (five sixths of the distance down the vessel from its
origin), but occasionally is located just before the termination of the
artery. Third row. Anatomic landmarks used for TIMI frame counting in
the RCA. (Adapted with permission from Gibson CM, Cannon CP,
Daley WL, et al. TIMI frame count: a quantitative method of assessing
coronary artery flow. Circulation 1996;93:879–888.)

using the following formula:

Velocity (cm/second)
� Distance (cm)/(frame count/frames per second)

The angioplasty guidewire velocity takes into account
specific artery length in a particular patient, but its useful-
ness in clinical practice remains to be evaluated.

In general, TIMI frame counting is a simple, repro-
ducible method for the assessment of angiographic coro-

nary flow that is widely applicable and provides additional
information related to treatment success and clinical out-
come.

TIMI Blush Score

Angiographic successful reperfusion in acute myocardial
infarction has been defined as TIMI 3 flow. However,
TIMI 3 flow does not always result in effective myocardial
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REFERENCE VALUES FOR TIMI FRAME COUNTS
TABLE 18.7

Average RCA LCx CTFC (LAD) LAD

Normal 21.0  3.1 20.4  3.0 22.2  4.1 21.1  1.5 36.2  2.6
(16–31) (16–26) (16–31) (18.8–24.1) (32–41)

Nonculprit at 90 minutes 25.5  9.8 24.6  7.1 22.5  8.3 30.6  11.5 52.0  19.6
(10–57) (13–36) (10–52) (16.5–57.1) (28–97)

Culprit at 90 minutes 39.2  20.0 37.2  19.3 33.7  9.0 43.8  22.6 74.5  38.4
(13–164.7) (13–112) (19–51) (17.1–164.7) (29–280)

TIMI Frame Counts and Corrected TIMI Frame Counts (CTFC) in coronary arteries without epicardial stenoses (normal) and in non-culprit and
culprit arteries 90 minutes after myocardial infarction. Where RCA is right coronary artery, LCx is left circumflex coronary artery, and LAD is left
anterior descending coronary artery. Values are expressed as frames  standard deviation and 95% confidence intervals. (Adapted with permission
from Gibson CM, Cannon CP, Daley WL, et al: TIMI frame count: a quantitative method of assessing coronary artery flow. Circulation
1996;93:879–888.)



reperfusion. Myocardial blush grade (MBG) is an angio-
graphic measure of myocardial perfusion at the capillary
level (28). MBG is defined as follows: 0 indicates no
myocardial blush or contrast density; 1 indicates minimal
myocardial blush or contrast density; 2 indicates moder-
ate myocardial blush or contrast density, but less than that
obtained during angiography of a contralateral or ipsilat-
eral non–infarct-related coronary artery; and 3 indicates
normal myocardial blush or contrast density, comparable
with that obtained during angiography of a contralateral
or ipsilateral non–infarct-related coronary artery (29).
When myocardial blush is persistent (staining), this sug-
gests leakage of contrast medium into the extravascular
space and is also graded 0. To determine blush grading, the
length of the angiographic run is needed to visualize the
venous phase of the contrast passage. When the left coro-
nary artery is involved, use the left lateral view. When the
right coronary artery is involved, use the right oblique
view. MBG after primary angioplasty for acute myocardial
infarction appears to be an important prognostic feature
and should be added to the commonly used TIMI flow
grading to define successful angiographic reperfusion with
primary angioplasty for acute myocardial infarction (29).

Coronary Venous Efflux

The measurement of coronary venous flow can be per-
formed using coronary sinus thermodilution technique

with only right heart cardiac catheterization. Coronary
sinus blood flow (CSBF) is an approximation of blood flow
to the left ventricle. Approximately two thirds of left ante-
rior descending coronary artery flow drains into the great
cardiac vein, the continuation of the anterior intraventricu-
lar vein as it reaches the atrioventricular groove. The great
cardiac vein then becomes the coronary sinus at the point
marked by the valve of Vieussens and the oblique vein of
Marshall (a left atrial venous remnant of the embryonic
left-sided superior vena cava). The remaining portion of left
anterior descending venous drainage enters the coronary
sinus along with blood from the circumflex territory by way
of the left marginal vein and circumflex venous branches.
Great cardiac vein flow thus represents primarily left ante-
rior descending venous outflow, whereas coronary sinus
flow represents a mixture of both left anterior descending
and left circumflex coronary artery outflow, accounting for
80 to 85% of total left coronary outflow drained by this
route (30).

Measurement of coronary venous flow is based on the
principle of thermodilution, which states that the heat loss
by the blood equals the heat gained by a cold indicator solu-
tion (Fig. 18.8). Room temperature fluid (5% dextrose or
normal saline) is continuously infused by a control pump
upstream in the coronary sinus. Coronary venous flow is
then computed by the temperature reduction of blood indi-
cator mixture flowing over the proximal catheter thermistor.
A full discussion of CSBF is available elsewhere (31–33).
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Figure 18.8 Schematic diagram of the thermodilution technique. The thermal indicator (injectate)
at temperature TI is infused at a fixed rate, typically 50 mL/minute. The ensuing turbulence causes
mixing of the injectate with coronary venous blood at temperature TB, resulting in a mixture at tem-
perature TM. The temperatures monitored by the catheter tip (TB and TM) and injectate thermistors
(TI) are recorded continuously on a uniform temperature scale. Because the heat lost by blood is
gained by the injectate, coronary venous flow can be calculated using the respective measured tem-
peratures, the rate of indicator injection, and a constant derived from the specific heats of blood and
injectate. (With permission from Bradley BA, Baim DS. Measurement of coronary blood flow in man:
methods and implication for clinical practice. Cardiovasc Clin 1984;14:67.)



Coronary sinus catheters are available only on special
request for investigational studies (Cordis Webster, Baldwin
Park, CA; Baim Electro-catheter, Rahway, NJ; Fig. 18.9).
Special features of these catheters include pacing electrodes
to facilitate the measurements at a constant heart rate by
coronary sinus pacing, or reflectance oximetry sensors
allowing the continuous measurement of great cardiac vein
oxygen saturation and permitting online determination of
regional myocardial oxygen consumption (MVO2) com-
puted as follows (10):

MVO2 � Q � (AO2 � CSO2)

where Q equals coronary venous flow, AO2 is arterial oxy-
gen content, and CSO2 is coronary sinus oxygen content.

Coronary Sinus Cannulation Technique

The coronary sinus is located posteriorly and slightly cau-
dal to the tricuspid annulus. The CS catheter with a single
curve easily enters the ostium of the coronary sinus from a
superior approach. The left brachial vein access is thus
often preferred. Although a right brachial or femoral
venous approach is feasible using a reverse loop technique,

the easiest approach to the coronary sinus is still through
the right internal jugular vein. After entering the right
atrium, the catheter is rotated counterclockwise and
advanced slightly until it just enters the right ventricle
(detected by pressure waves or premature ventricular con-
tractions). After slight additional counterclockwise rota-
tion, the catheter is then withdrawn slowly until an atrial
pressure tracing is restored. Gentle readvancement of the
catheter from this position leads to cannulation of the
coronary sinus. Should the right ventricle be re-entered,
the same maneuver is repeated with accentuation of coun-
terclockwise rotation.

Successful coronary sinus entry is confirmed by the
maintenance of a right atrial pressure waveform as the
catheter is smoothly advanced across the plane of the tri-
cuspid valve. During catheter advancement, catheter resist-
ance suggests impingement on venous branches or the
valve of Vieussens. If slight catheter repositioning fails to
correct the situation, the anatomic obstacle can usually
be crossed with a 0.014-inch soft-tipped angioplasty
guidewire, allowing advancement of the catheter over this
wire to reach the desired sampling site in the great cardiac
vein. The coronary sinus is a thin-walled venous structure
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Figure 18.9 Coronary venous oximetry, thermodilution flow, and combined flow-oximetry
catheters (top to bottom). The flow and flow-oximetry catheters have the following features in com-
mon: two lumina for indicator injection or sampling at the great cardiac vein (see inset) and coronary
sinus sites and two great cardiac vein (TGCV) and coronary sinus (TCS) thermistors for regional flow
determinations. The flow catheter additionally has two pacing electrodes. The oximetry and flow-
oximetry catheters have fiberoptic bundles for the continuous measurement of great cardiac vein
oxygen saturation. (With permission from Baim DS, Rothman MT, Harrison DC. Simultaneous mea-
surement of coronary venous flow and oxygen saturation during transient alterations in myocardial
oxygen supply and demand. Am J Cardiol 1982;49:743.)



that can be easily perforated with the application of force.
Correct intravascular position should be confirmed before
catheter manipulation.

Reproducible coronary sinus or venous flow measure-
ments require a stable catheter position, avoiding variable
inclusion of blood entering from venous tributaries adja-
cent to the temperature thermistor. The most stable posi-
tion for the catheter tip is near the point where the anterior
interventricular vein meets the great cardiac vein, provid-
ing a selective measurement of left anterior descending
coronary artery territory outflow (Fig. 18.10). The princi-
pal use of coronary venous measurements is determina-
tion of transmyocardial metabolism of blood products or
drugs using the arterial-coronary sinus differences per unit
flow. 

MEASUREMENTS OF INTRACORONARY
PRESSURE AND FLOW VELOCITY USING
SENSOR-TIPPED GUIDEWIRES 

Measurements of intracoronary blood flow velocity or
translesional pressure can be used to determine the func-
tional significance of a coronary stenosis. Directly measured
physiologic data provide critical information, complementary

to the anatomic information and often useful for clinical
decision-making (34). 

Technique of Angioplasty 
Sensor-Guidewire Use

After diagnostic angiography or during angioplasty, the
sensor angioplasty guidewire is passed through a standard
Y connector attached to either the diagnostic or guiding
catheter (5 or 6F catheters are suitable). Intravenous (IV)
heparin 40 to 60 units/kg is given before introducing the
guidewire. Intracoronary (IC) nitroglycerin (100 to 200 
g)
is also given several minutes before the guidewire is
advanced to minimize coronary vasomotion. 

For flow velocity, the Doppler sensor, located at the very
distal guidewire tip (Fig. 18.11A–C) is advanced at least 5
to 10 artery-diameter lengths (�2 cm) beyond the stenosis
to measure laminar flow (otherwise the turbulent flow
close to the stenosis may underestimate true velocity).
Resting flow velocity is recorded, and then coronary hyper-
emia is induced by IC or IV adenosine with continuous
recording of the flow velocity. Coronary vasodilatory
reserve (CVR) is computed as the ratio of maximal hyper-
emic to basal average peak velocity (APV; Fig. 18.12).
Because of the highly position-dependent signal, poor sig-
nal acquisition may occur in 10 to 15% of patients even
within normal arteries. As with transthoracic echo Doppler
studies, the operator must adjust the guidewire position
(sample volume) to optimize the velocity signal. 

To measure translesional pressure gradients for the cal-
culation of the pressure-derived fractional flow reserve
(FFR; 34), the pressure sensor, located 3 cm proximal to the
wire tip, is advanced in the guide catheter to the coronary
ostium. The sensor pressure is matched to the guide catheter
pressure. The guidewire is then advanced into the artery
with the sensor beyond the stenosis. The distance beyond
the stenosis is not critical. Baseline pressure is recorded,
followed immediately by induction of coronary hyperemia
with IC or IV adenosine, continuously recording both
guide catheter and sensor-wire pressures. FFR is computed
as the ratio distal coronary to aortic pressure at maximal
hyperemia occurring at the lowest distal coronary pressure
(Fig. 18.13). For small guide catheters, flushing with saline
will reduce pressure wave damping. Signal drift can be
detected by observation of the pressure waveform (35).
The safety of intracoronary sensor-wire measurements is
excellent, with benign problems related mostly to adeno-
sine. Severe transient bradycardia after IC adenosine occurs
in �2.0% of patients, coronary spasm during passage of
the Doppler guide wire in 1%, and ventricular fibrillation
during the procedure in 0.2% of patients (36). 

Coronary Hyperemia

Stenosis severity should always be assessed using measure-
ments obtained during maximal hyperemia. At maximal
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Figure 18.10 Schematic diagram of the cannulated coronary
venous system in relation to the coronary artery anatomy: diagonal
vein (DV), anterior interventricular vein (AIV), marginal vein (MV),
oblique vein of Marshall (OVM), posterior interventricular vein
(PIV), and the right, left anterior descending, and circumflex coro-
nary arteries (RCA, LAD, Cx, respectively). (With permission from
Baim DS, Rothman MT, Harrison DC. Simultaneous measurement
of coronary venous flow and oxygen saturation during transient
alterations in myocardial oxygen supply and demand. Am J Cardiol
1982;49:743.)



hyperemia, autoregulation is abolished and coronary
blood flow is directly related to the driving pressure.
Therefore, maximal hyperemic coronary blood flow is
closely dependent on the coronary arterial pressure at the
time of the measurement, a fact that is used in the derivation
of pressure-derived fractional coronary flow reserve of the
myocardium.

The most basic form of coronary hyperemia is reactive
hyperemia. When a coronary artery is transiently occluded,
release of the occlusion (reperfusion) is followed by a
marked increase in coronary flow, a response termed reac-
tive hyperemia. Reactive hyperemia follows an occlusion as
short as 200 milliseconds. Maximal reactive hyperemia
occurs after coronary occlusion of 20 seconds. Longer

occlusion periods increase the duration but not the ampli-
tude of hyperemia. 

The most widely used pharmacologic agents to induce
coronary hyperemia in the cath lab are papaverine and
adenosine. The hyperosmolar ionic and low-osmolar, non-
ionic contrast media do not produce maximal vasodilata-
tion. Nitrates increase volumetric flow, but since these
agents also dilate epicardial conductance vessels, the
increase in coronary flow velocity is less than with adeno-
sine or papaverine. Intracoronary papaverine (8 to 12 mg)
increases coronary blood flow velocity four to six times
over resting values in patients with normal coronary arter-
ies (37) and produces a response equal to that of an IV
infusion of dipyridamole in a dose of 0.56 to 0.84 mg/kg
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Figure 18.11 A. Top to bottom: sensor angioplasty guidewire, 1F tracking catheter, 6F diagnos-
tic angiographic catheter. Ruler is in 1-mm divisions. B. Diagram of the Doppler concept. High-fre-
quency ultrasound (ƒo) is admitted from the Doppler crystal and is reflected off the moving red cell
at frequency ƒd. The difference between these two frequencies is termed the Doppler shift and is
directly related to the velocity of red cells moving. (With permission from Kern MJ, Aguirre FV, Bach
RG, Caracciolo EA, Donohue TJ, Labovitz AJ. Fundamentals of translesional pressure-flow velocity
measurements. Cathet Cardiovasc Diagn 1994;31:137–143.) C. Diagram of coronary Doppler
FloWire placed in the proximal segment of a coronary artery through a diagnostic catheter. The 
12-MHz transducer has a sample volume located approximately 5.2 mm from the tip with a beam
spread of 27	. The angle of incidence (theta) is �17	. Magnitude and direction of flow are easily
determined by the spectral flow velocity. (With permission from Ofili EO, Kern MJ, Labovitz AJ, et al.
Analysis of coronary blood flow velocity dynamics in angiographically normal and stenosed arteries
before and after endolumen enlargement by angioplasty. J Am Coll Cardiol 1993;21:308–316.)
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of body weight, but can cause QT prolongation occasion-
ally and ventricular tachycardia or fibrillation (38). 

Adenosine is a potent short-acting hyperemic stimulus
with the total duration of hyperemia only 25% that of
papaverine or dipyridamole (39). Adenosine is benign in
the appropriate dosages (20 to 30 
g in the right coronary
artery and 30 to 60 
g in the left coronary artery or infused
intravenously at 140 
g/kg per minute). Because of a sus-
tained hyperemia, some investigators prefer IV to IC
adenosine. Jeremias et al. (40) compared IC (15 to 20 
g in
the right and 18 to 24 
g in the left coronary artery) with
IV adenosine (140 
g/kg per minute) and found a strong
linear relationship between the two methods (r � 0.978
and P � 0.001). The mean measurement difference for FFR
was �0.004 ��� 0.03. In 8% of cases, IC adenosine FFR was
�0.05 units different from IV FFR. Thus, in a small per-
centage of cases, maximal coronary hyperemia requires
increased IC adenosine doses. Table 18.8 lists the charac-
teristics of adenosine and papaverine for use in coronary
flow studies.

Other agents that produce maximal coronary hyper-
emia include ATP and dobutamine. Coronary flow reserve

was equivalent with ATP and papaverine (41) with IC ATP
doses �15 
g. IV dobutamine (10 to 40 
g/kg per minute)
has also been used to assess lesion severity with FFR (42).
Compared with IV adenosine, peak dobutamine infusion
produced similar distal coronary pressure and pressure
ratios (Pd/Pa 60  18 versus 59  18 mm Hg; FFR 0.68 

0.18 and 0.68  0.17, respectively; all P � NS). Moreover,
high-dose IV dobutamine did not modify the angiographic
area of the epicardial stenosis, and much like adenosine,
fully exhausted myocardial resistance regardless of inducible
left ventricular dysfunction. 

MEASUREMENT OF CORONARY 
FLOW RESERVE

Coronary flow reserve (CFR), also known as coronary
vasodilatory reserve (CVR) or coronary flow velocity reserve
(CFVR), is defined as the ratio of maximal to basal coro-
nary flow and is a measure of the ability of both the epicar-
dial artery and the microvascular resistances to achieve
maximal blood flow. There are two methods available for
measuring coronary blood flow reserve in the catheteriza-
tion laboratory: intracoronary Doppler flow velocity and
coronary thermodilution.

Coronary Doppler Flow Velocity

Coronary Doppler measures the velocity of red blood cells
moving past the ultrasound emitter/receiver on the end of
a Doppler-tipped angioplasty guidewire (Fig. 18.11A).
Coronary flow velocity is calculated from the difference
between the transmitted and returning frequency (called
the Doppler frequency shift), using the following equation:

where V is the velocity of blood flow, F0 is the transmitting
(transducer) frequency, F1 is the returning frequency, C is a
constant (speed of sound in blood), and � is the angle of
incidence.

When the transducer beam is nearly parallel to blood
flow (cosine � �1), velocity can be accurately measured.
Changes in blood flow velocity are reflected by changes in
the Doppler frequency shift. The Doppler technique mea-
sures red blood cell velocity directly so that, unlike ther-
modilution, indicator-dilution markers are not required.
Because the Doppler guidewire has a cross-sectional area
of 0.164 mm2, it is generally considered to be nonobstruc-
tive within any but the tightest coronary lesions. Easily
recognized phasic coronary flow-velocity measurements
are useful for assessing physiologic responses to mechani-
cal and pharmacologic interventions in any small vessel
(�5 to 6 mm diameter) without complex technical
maneuvers (Fig 18.14). Volumetric flow can be estimated
as the product of vessel area (cm2) and flow velocity

V �
(F1 � F0)C

2F0 (cos �)
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Figure 18.12 Coronary Doppler flow velocity signals used for
the measurement of coronary flow velocity reserve in the cardiac
cath lab. Top. Baseline signals (left) and peak hyperemic velocity
signals (right). Phasic flow velocity tracing is demarcated by systolic
(S) and diastolic (D) markers, corresponding to the electrocardio-
gram and aortic pressure at top. Diastolic flow predominates over
systolic flow. (The flow velocity scale is from 0 to 240 cm per sec-
ond. Bottom. Continuous trend plot of average peak velocity
showing the baseline and time course of peak hyperemia. The intra-
coronary bolus adenosine injection can be seen by the square wave
signal preceding the rapid increase in average peak velocity. The
phasic peak hyperemic velocity signal was captured and displayed
in the upper right panel. In the bottom view, the trend plot scale is
from 0 to 60 cm per second with a time base of 0 to 90 seconds. In
this example, baseline flow is 13 cm per second and peak hyper-
emic flow is 30 cm per second for a coronary flow reserve of 2.3. 
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Figure 18.13 A. Pressure-derived fractional flow reserve (FFR) is the ratio of distal coronary pres-
sure (Pd) divided by aortic pressure (Pa) at maximal hyperemia. In this example, a coronary flow veloc-
ity tracing is also provided demonstrating the maximal decline Pd occurs at peak velocity after intra-
coronary adenosine. FFR � 0.78 while coronary vasodilating reserve (CVR) � 2.2, both values above
the ischemic threshold. (Courtesy of Dr. B. DeBruyne.) B. Top left: Angiogram of LAD with midvessel
stenosis. Top right: Resting and Hyperemia gradient with FFR calculated at 0.55 (55/100 mm Hg).
Bottom left: Angiogram after LAD stent. Bottom right: Resting and hyperemia gradients with FFR
now normal (0.98). (Courtesy of Dr. B. DeBruyne.) 



(cm/second), yielding a value in cm3/sec. Absolute Doppler
flow velocities represent changes in volumetric coronary
flow when the vessel cross-sectional area remains constant
over the measurement period. Compared with volumetric
measurements, velocity may underestimate the volumetric
flow reserve in some vessels that demonstrate intact
endothelial mediated vasodilation. 

Guidewire Thermodilution 
Blood Flow Technique

The coronary thermodilution technique uses thermistors
on a pressure-sensor angioplasty guidewire and measures
the arrival time of room temperature saline bolus indicator
injections through the guiding catheter into the coronary
artery (43,44). The shaft of the angioplasty pressure-
monitoring guidewire (PressureWire 3, Radi Medical
Systems) has a temperature-dependent electrical resistance
and acts as a proximal thermistor, which allows for the
detection of the start of the indicator (saline) injection (Fig.
18.15A). A microsensor mounted 3 cm from the tip also
enables simultaneous high-fidelity pressure measurements.
Pressure and temperature are sampled at a frequency of
500 Hz. The wire is connected to a dedicated interface (RADI
Analyzer, Radi Medical Systems) with modified software for
online analysis of the thermodilution curves (Fig. 18.15B).

Thermodilution CFR (CFRthermo) is defined as the ratio of
hyperemic flow divided by resting coronary flow (F).

(18.3)

Flow is the ratio of the volume (V) divided by transit time
(Tmn). Thus, CFR can be expressed as follows. 

(18.4)

Assuming the epicardial volume (V) remains unchanged,
CFR can be calculated as follows. 

(18.5)

In animal experiments, a significant linear relation was
found between flow velocity and 1/Tmn. A significant corre-
lation was found between CFRDoppler, which was calculated
from the ratio of hyperemic to resting flow velocities, and
CFRthermo, which was calculated from the ratio of resting to
hyperemic Tmn (r � 0.76; SEE (standard error of the esti-
mate) � 0.24; P � 0.001; 44). Simultaneous measure-
ments of CFR and FFR are thus obtained for research

CFR �
Tmn at rest

Tmn at hyperemia

CFR �

a V
Tmn
b  at hyperemia

a V
Tmn
b  at rest

CFR �
F at hyperemia

F at rest
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CHARACTERISTICS OF PAPAVERINE AND ADENOSINE FOR CORONARY FLOW STUDIES
TABLE 18.8 

Drug Dose Plateau T1/2 Side Effect Pitfall

Papaverine IC 15 mg LCA 30–60 sec 2 min Transient QT prolongation and Do not use guiding catheter with 
10 mg RCA T-wave abnormalities; very rarely. side holes.

Ventricular tachycardia/torsade
des pointes

Adenosine IC 30–50 mg LCA 5–10 sec 30–60 sec No side effects: sometimes AV Submaximum stimulus in some patients
20–30 mg RCA block during a few seconds interruption of aortic pressure 

after Injection in RCA Peak hyperemia may already have
passed  before arterial pressure has 
adjusted.

Maximum gradient underestimated when 
calculated from mean signal, unless it is
taken on beat-to-beat basis.

No pullback curve possible. Guiding 
catheters with side holes confound
calculation and may underestimate
maximum gradient.

Adenosine IV 140 mg/kg �1–2 min 1–2 min Decrease of blood pressure If peripheral vein is used, avoid kinking 
per min by 10–15%. of arm/elbow and avoid Valsalva 

Burning or angina-like chest pain maneuvers
during Infusion. (harmless, Withdraw guiding catheter slightly out 
not ischemia) of ostium if any sign of obstruction 

Not to be used in patients with of the ostium is observed, or if guiding 
severe Obstruction lung catheter with side holes is used.
Disease. (bronchospasm) 

Modified from Pijls NHJ, Kern MJ, Yock PG, De Bruyne B. Practice and potential pitfalls of coronary pressure measurement. Cathet Cardiovasc
Intervent 2000;49:1–16.



studies on coronary resistance. When combined with post-
stenotic pressure measurements, coronary flow reserve
measurements can provide a complete description of the
pressure-flow relationship and the response of the micro-
circulation.

Normal Coronary Flow Velocity

Because the microvascular circulation is subject to biolog-
ical variations between individuals, the range of normal
coronary flow velocities at baseline and during hyperemia
is large. In one study, simultaneous flow-velocity measure-
ments were performed in the proximal and distal seg-
ments of 55 angiographically normal coronary arteries
(45). The normal proximal left anterior descending and

circumflex time-averaged peak velocity was approximately
25 to 30 cm/second with peak diastolic velocity ranging
from 40 to 50 cm/second and peak systolic velocity rang-
ing from 10 to 20 cm/second. In the right coronary artery
and in some distal left coronary locations, flow velocity
values may be reduced by 15 to 20%. There was no differ-
ence in the phasic patterns of flow in the proximal and
distal velocities in normal arteries at baseline or during
hyperemia, with a diastolic predominant pattern (diastolic/
systolic flow velocity ratio �1.5) in all arterial segments.

Normal CFR in young patients with normal arteries com-
monly exceeds 3.0 (Fig. 18.16; 46). In adult patients with
chest pain undergoing cardiac catheterization with angio-
graphically normal vessels, the CFR averages 2.7  0.64 and
is related, in part, to comorbid conditions such as hyper-
lipidemia, hypertension, or diabetes mellitus (47). CFR
values �2.0 have been associated with inducible myocar-
dial ischemia on stress testing (48). Changes in heart rate,
blood pressure, and contractility alter CFR by changing
resting basal flow or maximal hyperemic flow or both.
Tachycardia increases basal flow, reducing CFR. Increasing
mean arterial pressure reduces maximal vasodilatation,
reducing hyperemic flow more than basal flow. CFR may
be reduced in patients with essential hypertension and
normal coronary arteries and in patients with aortic steno-
sis and normal coronary arteries. Diabetes mellitus increases
basal flow and independently reduces coronary flow reserve,
especially in patients with diabetic retinopathy owing to
reduced volumetric coronary blood flow (velocity times
vessel cross-sectional area) during hyperemia and higher
baseline flow in diabetic patients with and without
retinopathy compared with controls (49).

Relative Coronary Flow Velocity Reserve

Because CVR is the summed response of the two major
coronary flow resistances (epicardial and microvascular),
an abnormal value cannot distinguish between increased
epicardial resistance or microvascular flow impairment
(Fig. 18.17). To identify the site of flow impairment, a rela-
tive CVR (rCVR) can be calculated as the ratio of maximal
flow in the coronary with stenosis (QS) to flow in a normal
coronary without stenosis (QN), assuming basal flows are
the same. The rCVR is independent of the aortic pressure
and heart rate pressure product and is well suited to assess
the physiologic significance of coronary stenoses. Using
coronary flow velocity in the catheterization laboratory,
rCVR is defined as the ratio of CVRtarget to CVR in an angio-
graphically normal reference vessel, (rCVR � (Qs/Qbase)/
(QN/Qbase) � (CVRtarget/CVRreference,). Use of this ratio
assumes that basal flow in the two vessels is similar and
that the microcirculatory response is uniform in the
regions measured (Fig. 18.18). A normal range for rCVR is
0.8 to 1.0 (50). rCVR cannot be used in patients with
three-vessel coronary disease who have no suitable refer-
ence vessel. Because it relies on the assumption that the
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Figure 18.14 Comparison of coronary spectral flow velocity by
two Doppler techniques. Top. Flow velocity spectra in a normal
coronary artery using the intracoronary Doppler guidewire.
Bottom. Flow velocity in the left anterior descending artery
obtained with transesophageal echocardiography. Note the simi-
larities of phasic pattern, although the direction of flow is inverted
for the transesophageal Doppler signal. Scale for top view is 0 to
160 cm/second; scale for bottom view is 20 cm/division. Peak flow
velocity for both signals is approximately 50 cm/second.
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Figure 18.15 Simultaneous pressure (A) and temperature (B) signal for calculation of FFR and
thermodilution coronary flow reserve (CFR). The top tracings represent central aortic pressure (Pa),
distal coronary pressure (Pd), and FFR (Pd/Pa). The lower tracings are temperature tracings recorded
by the proximal (shaft) and distal sensors. The half-time of injection was derived from the proximal
thermodilution curve. CFR is calculated from the distal thermodilution. (Courtesy of Radi Medical,
Uppsala, Sweden.)

A

B



microvascular circulation is uniformly distributed, rCVR
is of no value in patients with myocardial infarction, LV
regional dysfunction, or patients in whom the microcir-
culatory responses are heterogeneous. Continuous mea-
surement of coronary flow velocity is useful for pharma-
cologic studies in patients during cardiac catheterization
(Fig. 18.19). Because of the inherent difficulties and vari-
ability of both absolute and relative coronary flow velocity
measurements, pressure-derived measurements are the pre-
ferred invasive method of physiologic stenosis assessment.

Measurement of Translesional 
Pressure-Derived Fractional Flow Reserve

Using coronary pressure distal to a stenosis measured at
constant and minimal myocardial resistances (i.e., maximal
hyperemia), Pijls et al. (51) derived an estimate of the per-
centage of normal coronary blood flow expected to go
through a stenotic artery. This pressure-derived ratio is called
the fractional flow reserve (FFR) and can be subdivided into

three components describing the flow contributions by the
coronary artery, the myocardium, and the collateral supply.
FFR of the coronary artery (FFRcor) is defined as the maxi-
mum coronary artery flow in the presence of a stenosis
divided by the theoretic normal maximum flow of the same
artery (i.e., the maximum flow in that artery if no stenosis
were present). Similarly, FFR of the myocardium (FFRmyo) is
defined as maximum myocardial (artery and bed) flow
distal to an epicardial stenosis divided by its value if no epi-
cardial stenosis were present. Stated another way, FFR repre-
sents that fraction of normal maximum flow that remains
despite the presence of an epicardial lesion. The difference
between FFRmyo and FFRcor is FFR of the collateral flow. 

The following equations are used to calculate the FFR of
a coronary artery and its dependent myocardium:

FFRcor � (Pd � Pw)/(Pa � Pw)

FFRmyo � (Pd – Pv)/(Pa � Pv)

FFRcollateral � FFRmyo � FFRcor
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Figure 18.16 Measuring coronary vasodilatory reserve using flow velocity. Spectral flow-velocity
signals are displayed in a continuous strip along the top view with heart rate and systolic and dia-
stolic blood pressure displayed in the upper left corner box. The phasic signal demonstrates a normal
hyperemic velocity with a small systolic component and a large diastolic component. Systolic and
diastolic periods are demarcated by the S and D, respectively. The lower view is split into two sec-
tions: baseline (left) and hyperemic response (right). Baseline average peak velocity (BAPV) is 14
cm/second. The peak hyperemic flow velocity obtained 25 seconds later after 18 μg of intracoronary
adenosine is a peak average peak velocity (PAPV) of 53 cm/second, producing a coronary vasodila-
tory reserve (ratio) of 3.9. The diastolic/systolic velocity ratio (DSVR) is 3.6. The maximal peak veloc-
ity (MPV) is 75 cm/second, and the peak velocity integral (PVi) is 39 units.



where Pa, Pd, Pv, and Pw are pressures of the aorta, distal
artery, venous (or right atrial), and coronary wedge (during
balloon occlusion) pressures, respectively; because FFRcor

uses Pw, it can be calculated only during coronary angio-
plasty. FFRmyo can be readily calculated during either
diagnostic or interventional procedures (Fig. 18.13). FFR
reflects both antegrade and collateral myocardial perfusion
rather than merely trans-stenotic pressure loss (i.e., a stenosis
pressure gradient). Because it is calculated only at peak
hyperemia, FFR is differentiated from CVR by being largely
independent of basal flow, driving pressure, heart rate, sys-
temic blood pressure, or status of the microcirculation (52).

In contrast to the resting or hyperemic pressure gradi-
ent, FFR is strongly related to provocable myocardial
ischemia demonstrated by comparisons with different
clinical stress testing modalities in patients with stable
angina. The nonischemic threshold value of FFR is �0.75.
In patients with an abnormal microcirculation, it can be
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Figure 18.17 Interaction of the two major components of coro-
nary flow reserve. Top. The two components, the epicardial artery
and microcirculation, when both are normal produce a normal coro-
nary flow velocity reserve greater than three times basal flow.
Center. When there is an epicardial stenosis and normal microcircula-
tion, coronary flow reserve is impaired. Bottom. When there is
microvascular disease and a normal epicardial, coronary artery flow
reserve is also impaired. Coronary flow reserve alone thus cannot dif-
ferentiate between an epicardial stenosis and an impaired microvas-
cular disease. (Modified from Wilson RF and Laxson DD. Caveat
emptor–a clinician’s guide to assessing the physiologic significance of
arterial stenoses. Cathet Cardiovasc Diagn 1993, 29:93–98).

Figure 18.19 Continuous Trent plot of Doppler average peak
velocity. Time base is in 2-minute intervals from 0 to 14 minutes.
Vertical velocity axis is 0 to 60 cm/second. On the left side are
three intracoronary adenosine hyperemic responses. B, baseline
point; S, search point; and the following line is the peak velocity
point. Numbered lines are event markers for minutes after intra-
venous bolus of adenosine A2a agonist drug. 

Figure 18.18 Relative coronary flow reserve (rCVR) is equal to
CVRtarget/CVRreference. rCVR depends on the assumption that the
microvascular bed is the same for both arteries and will therefore
permit distinguishing the impact of a stenosis on the target vessel
coronary reserve compared with CVR in an unobstructed reference
vessel.
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Figure 18.20 Aortic and distal coronary pressure across ostial narrowing. Left side of pressure
tracings show features of guide catheter damping, which is also reflected in the distal pressure. On
withdrawal of the guide catheter (toward right side of tracing), normal pressure waveforms can be
seen.

argued that a normal FFR indicates the conduit resistance
is not a major contributing factor to perfusion impairment,
and that focal conduit enlargement (e.g., stenting) would
not restore normal perfusion. FFR is thus specific for steno-
sis resistance and by design excludes the assessment and
influence of the microcirculation. 

Pijls et al. (35) reviewed potential pitfalls of coronary
pressure measurements. Suitable guide catheters can be as
small as 5F and commonly 6F guides, preferably without
side holes. For best pressure fidelity, contrast should be
flushed out of the catheter and replaced with normal
saline. If catheter side holes are present, increasing intra-
coronary bolus doses of adenosine may be needed since
excess drug can exit the side holes.

Verification and matching of pressures between the
ascending aorta and sensor wire is important prior to
crossing the lesions. Both pressure signals should be equal
prior to crossing the lesion. Adjustment of fluid-filled
transducer height to match the wire signal can be made
before crossing the lesion. Matching of pressure transducer
zero positions is also important. The guide catheter pres-
sure zero is generally fixed to a reference height estimated
to be approximately 5 cm below the sternum at the level of
the right atrium. However, this estimation may be incor-
rect; the real aortic pressure may be different from the sen-
sor wire when measured below the level of the atrium,
depending on the course of the artery being studied.
Decreasing the transducer level will increase the aortic

pressure, thus assisting in the match when these two sig-
nals are not identical.

Validation of matched pressures after lesion assessment
by pullback pressure recordings will identify signal drift.
The withdrawal of the sensor proximal to the stenosis in
question with the distal wire across the lesion will identify
proximal signal equivalency to eliminate questions of drift.
Often pressure waveforms (especially the dicrotic notch)
across a critical stenosis will be changed and thus further
identify the presence of signal drift.

Other pitfalls include pressure leakage through retained
guidewire introducer or a loose Y connector. Damping of
the pressure by the guiding catheter may occur with con-
trast media within the small guiding catheters (Fig. 18.20).
With regard to guide catheter side holes, the pressure signal
recorded to a side-hole guide catheter does not necessarily
correspond to the proximal segment of the coronary artery
since aortic pressure enters the guide through these holes.
Because of the presence of the catheter, the actual proximal
coronary pressure may be lower than that recorded by the
catheter.

ASSESSMENT OF SERIAL STENOSES

An essential prerequisite for the calculation of FFR is the
achievement of maximum transstenotic flow. In case of
two consecutive stenoses, the blood flow interaction



between the stenoses limits the applicability of the simple
FFR ratio (Pd/Pa) for a single stenosis. When a second steno-
sis is present in the same epicardial vessel, flow through
one stenosis will be submaximal because of the second
stenosis. The extent to which both stenoses influence
each other is thus unpredictable. In this case, the simple
FFR does not predict to what extent a proximal lesion
will influence myocardial flow until complete relief of
the second stenosis and restoration of maximal hyper-
emia. The simple FFR can assess the summed effect
across any series of stenosis, but individual lesions in the
series will be more difficult to appreciate without special
calculations (53).

Individual FFR of each stenosis separately can be pre-
dicted by different equations using Pa, pressure between
the two stenoses (Pm), Pd, and Pw, recorded during maxi-
mum hyperemia, thus reducing the error of FFR calcula-
tion in the presence of a second stenosis (Fig. 18.21A,B;
54). The serial FFR formula requires Pw obtained during
coronary balloon occlusion and thus is not applicable for
diagnostic studies alone.

In the examination of a single stenosis out of several
in series, the worst stenosis, as indicated by the largest
pressure drop during hyperemia, may not occur where it
would have been expected from angiography. In that
case, the equations for FFRpred can be applied to each
stenosis rather than the simple ratio Pd/Pa to determine
the severity of each. In clinical practice, the measure-
ments of Pa, Pm, and Pd can be obtained during a simple
pullback of the pressure sensor from the distal to the
proximal part of the vessel under maximum hyperemia
(Fig. 18.21C).

SIMULTANEOUS PRESSURE-FLOW
VELOCITY (P-V) RELATIONSHIPS

In a manner similar to that proposed by Gould et al.,
Marques et al. (55) showed that the pressure-velocity flow
relationships (P-V) could effectively characterize mild, mod-
erate, and severe human coronary stenoses. P-V data
demonstrated that the variability of microvascular resist-
ance contributed to discrepancies between fractional flow
reserve and coronary blood flow velocity reserve in interme-
diate coronary lesions (56) with concordance between
FFR and CFR occurring in 73% of patients (Fig. 18.22).
Minimum microvascular resistance (the ratio of mean dis-
tal pressure to average peak blood flow velocity during
hyperemia) was significantly higher in patients with FFR
�0.75 and CFR �2.0. A hyperemic stenosis resistance
index (defined as the ratio of hyperemic stenosis pressure
gradient [mean aortic minus mean distal pressure] divided
by hyperemic average peak velocity) had better agreement
with single photon emission computed tomography
(SPECT) scanning in lesions with discordant FFR and CFR
(57). Thus, combined P-V measurements for research

describe the contribution of both the epicardial and
microvascular resistance to myocardial perfusion. 

CLINICAL APPLICATIONS OF CORONARY
BLOOD FLOW MEASUREMENTS

The physiologic criteria for a hemodynamically signifi-
cant coronary lesion include one or more of the follow-
ing when using flow velocity: (a) poststenotic absolute
coronary flow reserve (CVR) �2.0; (b) relative coronary
flow reserve (rCVR) �0.8; (c) proximal-to-distal flow
velocity ratio (P/D) �1.7; (d) diastolic-to-systolic veloc-
ity ratio (DSVR) �1.8; (e) when using pressure-sensor
guidewires, the fractional flow reserve (FFR) threshold is
�0.75.

Strong correlations exist between myocardial ischemic
stress testing and FFR or CFR. An FFR of �0.75 identified
physiologically significant stenoses associated with indu-
cible myocardial ischemia with high (�90%) sensitivity,
specificity, positive predictive value, and overall accuracy
(58–60). An abnormal CFR (�2.0) corresponded to
reversible myocardial perfusion imaging defects with high
(�90%) sensitivity, specificity, predictive accuracy, and
positive and negative predictive values (33). The
AHA/ACC recommendations (61) for use of physiologic
measurements during invasive procedures are provided in
Table 18.9.

Deferral of Coronary Intervention

For intermediate stenoses, FFR or CFR values above the
ischemic thresholds have been used to safely defer coro-
nary interventions with adverse clinical event rates of
�10% over a 2-year follow-up period (62–65). Despite
excellent safety, some patients with deferred procedures
may still have recurrent angina, but when physiologically
normal, the functional and clinical impact of angiographi-
cally intermediate stenoses is associated with an excellent
clinical outcome. As with other tests at a single point in
time, in-laboratory translesional hemodynamics may not
reflect the episodic ischemia-producing conditions of daily
life related to changes in vasomotor changes, exercise, or
emotional stress. 

Fractional flow reserve can be used to determine the
appropriateness of angioplasty. Bech et al. (65) studied
325 patients with intermediate coronary stenosis without
documented myocardial ischemia. When FFR was �0.75,
patients were randomly assigned to a percutaneous coro-
nary intervention (PCI) deferral group (n � 91) or a per-
formance group (n � 90). If FFR was �0.75, PTCA was per-
formed as planned and these patients (n � 144) were
followed as the reference group. At clinical follow-up, the
event-free survival was similar between the deferral and
performance groups (92% versus 89% at 12 months; 89%
versus 83% at 24 months), but significantly lower in the
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reference group (80% at 12 months and 78% at 24 months).
The percentage of patients free from angina was similar
between the deferral and the performance group at 24
months, but there was a significantly higher incidence of
angina in the reference (PCI) group (67% versus 50% at

12 months and 80% versus 50% at 24 months). In patients
with coronary stenosis, FFR identifies those patients who
will benefit from PCI and also indicates that performance
of PCI in physiologic nonischemic lesions provides no
additional benefit.
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Figure 18.21 A. Formulas for predicted FFR for lesions A and B in series, Pa, aortic pressure; Pm,
pressure between A and B; Pd, distal artery pressure; Pw, coronary occlusion pressure. B. Influence of
the presence of one stenosis within a coronary artery on the hemodynamic effect of the other. Filled
circles indicate patients in whom the proximal stenosis was treated first; open circles indicate
patients in whom the distal stenosis was treated first. Left: With increasing severity of one stenosis,
the underestimation of the hemodynamic severity of the other stenosis becomes more pronounced.
The solid line is the line of identity, and the dashed line is the regression line for measured data.
Right: the regression line almost coincides with the line of identity and therefore is not visible. (From
Pijls NHJ, de Bruyne B, Bech GJ, et al. Pressure measurement to assess the hemodynamic signifi-
cance of serial stenoses within one coronary artery validation in humans. Circulation 2000;102:2371,
with permission.) C. Example of coronary pressure measurement in patient with two stenoses within
same artery. During sustained maximum coronary hyperemia, the pressure wire is pulled back slowly
from the distal coronary artery to the tip of the guiding catheter. Phasic and mean aortic pressures
are measured by the guiding catheter, and phasic and mean coronary pressures by the pressure
wire. When the pressure sensor crosses either of the stenoses, a pressure gradient is registered
(arrows). Both the location and severity of each stenosis can be determined precisely by such a
hyperemic pullback pressure recording. LAD, left anterior descending artery; LCA, left coronary
artery; P, change in pressure. (From Pijls NHJ, de Bruyne B, Bech GJ, et al. Pressure measurement to
assess the hemodynamic significance of serial stenoses within one coronary artery validation in
humans. Circulation 2000;102:2371, with permission.) 
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Figure 18.22 Comparison of FFR and CFR in 150 patients. Data are categorized on the basis of
threshold values. Group A, FFR �0.75 and CFR �2.0. Group B, FFR �0.75 and CFR l�2. (From
Meuwissen M, Chamuleau S, Siebes M, et al. Role of variability in microvascular resistance on
fractional flow reserve and coronary blood flow velocity reserve in intermediate coronary lesions.
Circulation 2001;103:184–187.)
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RECOMMENDATIONS FOR INTRACORONARY PHYSIOLOGIC
MEASUREMENTS (DOPPLER ULTRASOUND, FFR)

TABLE 18.9

Class IIa Level of Evidence

1. Assessment of the physiologic effects of intermediate coronary stenosis B
(30–70% luminal narrowing) in patients with anginal symptoms.
Coronary pressure of Doppler velocimetry may also be useful as an
alternative to performing noninvasive functional testing (e.g., when the
functional study is absent or ambiguous) to determine whether an
intervention is warranted.

Class IIb

1. Evaluation of the success of percutaneous coronary revascularization in C
restoring flow reserve and to predict the risk of restenosis

2. Evaluation of patients with anginal symptoms without an apparent C
angiographic culprit lesion

Class III

1. Routine assessment of the severity of angiographic disease in patients C
with a positive, unequivocal noninvasive function study.

Smith SC Jr, et al. ACC/AHA Guidelines for Percutaneous Coronary Intervention. (Revision of the 1993
PTCA guidelines)—executive summary. J Am Coll Cardiol 2001;37:2215–2238.



FFR after stenting also predicts adverse cardiac events at
follow-up. Pijls et al. (66) examined 750 patients from a
multicenter study. Postprocedural FFR �0.90 was associ-
ated with the lowest 2-year event rate (�10%). In 36% of
patients, FFR normalized after stenting (�0.95) with an
event rate of 5%. In 32% of patients with post-FFR
between 0.90 and 0.95, the event rate was 6%. In the
remaining 32% with FFR �0.90, event rates were 20%. In
6% of patients with FFR �0.80, the event rate was 30%
(Fig. 18.23). The lower FFRs may be owing to either edge
stent subnormalization and/or diffuse disease and were
associated with worse long-term outcome.

Normalization of CFR occurs in only 50% of patients
after PTCA alone owing to angiographically inapparent
residual lumen obstruction. After stenting, CFR may nor-
malize in 80% of patients corresponding to improved
lumen area as the mechanism responsible for improved
coronary blood flow (67). The remaining 20% of patients
with widely patent stents had impaired CFR (�2.0) attrib-
uted to microvascular disease and/or transient emboli
from PCI. A low post procedural CFR has been associated
with a worse periprocedural outcome (68).

Assessment of Diffuse Atherosclerosis

A diffusely diseased atherosclerotic coronary artery can be
viewed as a series of branching resistance units diverting
and gradually distributing flow and reducing perfusion
pressure along the length of the conduit. Diffuse athero-
sclerosis, in contrast to a focal narrowing, is characterized
by a continuous and gradual pressure recovery as the sen-
sor moves from the distal to proximal arterial region with-
out a localized abrupt increase in pressure related to an
isolated stenosis. De Bruyne et al. (10) examined FFR in
normal and diffusely atherosclerotic nonstenotic arteries
(Fig. 18.24A,B). FFR in the normal group was 0.97  0.02
and was significantly lower, 0.89  0.08, in the diffuse dis-
ease group. In 8% of arteries in the diffusely diseased
group without a focal narrowing, FFR was �0.75, a value
below the ischemic threshold (Fig. 18.24C). For diffuse
atherosclerosis, mechanical therapy to treat impaired flow
would be futile. 

Acute Myocardial Infarction

Measurements of coronary blood flow or pressure during
or immediately after treatment of acute myocardial infarc-
tion may not represent true lesion physiology because of
the dynamic nature of both the stenosis and recovery
response of the microcirculation. In patients with acute
myocardial infarction studied no earlier than 6 days, De
Bruyne et al. (69) found that a normal FFR was indicative
of reversal of myocardial perfusion defects. Excluding false-
positive and negative studies, the corresponding sensitivity,
specificity, and predictive accuracy of acute MI FFR values
were 87%, 100%, and 94%, respectively. A FFR �0.75 dis-
tinguished patients after myocardial infarction with nega-
tive perfusion scintigraphic imaging.

Postinfarction myocardial viability is associated with
preservation of the microcirculation as reflected by charac-
teristic phasic flow velocity patterns (Fig. 18.25; 70–72).
After acute MI, recanalization phasic patterns of coronary
flow differentiated the patients with TIMI 2 versus TIMI 3
angiographic flow. Patients with reduced average peak
velocity (APV) and prolonged diastolic deceleration time
and small diastolic-to-systolic velocity ratio had better LV
recovery than those with systolic flow reversal, a rapid
deceleration time, and negative diastolic-to-systolic flow
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Figure 18.23 Clinical outcome of stenting and relationship to
FFR. Top. Distribution of the study population over the five FFR
categories. A strong inverse correlation was present between FFR
after stenting and event rate at 6-month follow-up. Center.
Distribution of percentage residual stenosis in the five FFR cate-
gories. Bottom. Minimal luminal diameter (MLD) in the five FFR
categories. (Reproduced with permission from Pijls NHJ, Klauss V,
Siebert U, et al. Coronary pressure measurement after stenting
predicts adverse events at follow-up. A multicenter registry.
Circulation 2002;105:2950–2954.)
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Figure 18.24 A. Angiograms, FFR, and coronary flow-velocity data in normal artery. Coronary
pressure and aortic pressure remain identically matched during maximal hyperemia in arteries with-
out evidence of atherosclerosis. B. Example of a 44-year-old man with stable angina pectoris. A tight
stenosis in the mid-RCA was treated by angioplasty. The coronary angiogram of the LAD (top) did
not show any focal stenosis, but luminal irregularities suggested diffuse atherosclerosis. Aortic (red)
and distal coronary pressure (blue) recordings (bottom) during adenosine-induced maximal hyper-
emia show a pressure gradient of 23 mm Hg (corresponding to a FFR of 0.76) when the pressure sen-
sor is located in the distal LAD. This pressure gradient indicates that the diffusely atherosclerotic
artery is responsible for approximately one fourth of the total resistance to blood flow. When the
sensor is slowly pulled back, a graded, continuous increase in distal coronary pressure is observed,
which indicates diffuse atherosclerosis, not focal stenosis. The exact locations of aortic and distal
coronary pressure measurements are indicated by the arrows. C. Graphs of individual values of FFR
in normal arteries and in atherosclerotic coronary arteries without focal stenosis on arteriogram. The
upper dotted line indicates the lowest value of FFR in normal coronary arteries. The lower dotted
line indicates the 0.75 threshold level. (Reproduced with permission from De Bruyne B, Hersbach F,
Pijls NHJ, et al. Abnormal epicardial coronary resistance in patients with diffuse atherosclerosis but
“normal” coronary angiography. Circulation 2001;104:2401–2406.
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velocity ratio. Similarly, after acute myocardial infarction,
patients in whom APV increased after only a transient
decline had better LV systolic functional recovery (ejection
fraction increased 17  9%) than those in whom the APV
progressively decreased throughout the next day (ejection
fraction increased only 4  9%; P � 0.007; 70). These
findings suggest that maneuvers that might maintain or
augment coronary blood flow (e.g., an intra-aortic balloon
pumping or adenosine) could be monitored to determine
the impact on myocardial salvage.

QUANTITATIVE ASSESSMENT 
OF COLLATERALS IN THE CATH LAB

The four methods for assessing collaterals in the living
patient are angiography, sensor-tipped flow and pressure
angioplasty guidewire measurements, and noninvasive
perfusion imaging techniques. Angiography and noninva-
sive perfusion techniques are discussed elsewhere (73–75).

Intracoronary Doppler Flow Velocity

Intracoronary doppler flow velocity measurements pro-
vide a quantitative estimate of epicardial detectable coro-
nary flow. The physiologic response of the coronary col-
lateral circulation to various drugs, maneuvers, and
interventions can thus be determined by flow changes in
patients during coronary balloon angioplasty.

Collateral flow velocity can be measured in either the
ipsilateral or contralateral artery during coronary balloon

occlusion. During angioplasty, the sensor guidewire is
advanced into either the target (ipsilateral) artery beyond
the stenosis (at least 5 to 10 arterial diameters, approxi-
mately 2 cm) or into an unobstructed contralateral refer-
ence vessel. For ipsilateral flow, an angioplasty balloon is
then advanced and inflated, occluding any antegrade flow
(Fig. 18.26A). Ipsilateral flow-velocity changes during bal-
loon occlusion demonstrate different types of collateral
flow (76). The most commonly observed types of flow are
divided into combinations of monophasic or biphasic and
antegrade or retrograde (Fig. 18.26B). The largest angio-
graphic collaterals generally have the greatest ipsilateral
flow velocity. However, acutely recruited epicardial collat-
eral flow (i.e., not previously visualized by angiography) is
also easily detected with this method (77). 

Alternatively, collateral flow can be quantified by mea-
suring velocity change in a nondisease contralateral artery
during brief balloon occlusion of the diseased vessel. This
approach also permits calculation of collateral vascular
bed resistance. Piek et al. (78) examined contralateral
artery velocity in 38 patients undergoing single vessel coro-
nary angioplasty. Mean aortic pressure and coronary occlu-
sion (wedge, Pw) pressure were used for the calculation of
collateral vascular resistance (R � Pw/Pa). A significant
transient increase in flow velocity during brief occlusion
was noted in 15 patients with collateral vessels compared
with 8 patients without (5  1% versus 23  17%,
P � 0.001). The relative resistance of the collateral vascular
bed was significantly reduced when collateral vessels were
present during coronary occlusion (4  4 versus 17  5
units, P � 0.001). Electrocardiographic signs of ischemia
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Figure 18.25 Phasic flow-velocity signals in patients with acute myocardial infarction demon-
strating diastolic deceleration time (DDT) and systolic flow reversal (SPV). A rapid DDT and the pres-
ence of SPV is associated with poor myocardial functional recovery after infarction. (From Kawamoto T,
et al. Can coronary blood flow velocity pattern after primary percutaneous transluminal coronary
angiography predict recovery of regional left ventricular function in patients with acute myocardial
infarction? Circulation 1999;100:339, with permission.)
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A

B

Figure 18.26 A. Changes in coronary flow velocity before, during and after balloon occlusion in a
patient undergoing coronary angioplasty of the right coronary artery. Left: Bidirectional collateral
flow during occlusion. Right: Large retrograde flow velocity that quickly changes to antegrade flow
on balloon deflation. B. The four types of phasic epicardial collateral flow velocity seen during bal-
loon occlusion. Top: Monophasic signals with systolic and diastolic predominance. Bottom: Biphasic
flow demonstrates systolic and diastolic predominance. The direction of flow depends on the loca-
tion of the wire relative to the input source of collateral flow. If a septal connection to an epicardial
vessel is proximal to the wire, flow will be antegrade. If distal to the flow velocity tip of the
guidewire, the flow may well be retrograde. 
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Figure 18.27 A. Top: Contrast injection of the left ante-
rior descending coronary artery, LAO projection, before
(left) and during (right) occlusion of the right coronary
artery. Distal opacification of collateral vessels is evident.
Bottom left: Aortic pressure, AO, distal coronary lesion
pressure before, during (wedge), and after balloon infla-
tion as well as simultaneously obtained Doppler tracings.
Bottom right: Electrocardiogram before inflation and at 1
minute of coronary occlusion of the right coronary artery.
The presence of collateral vessels during balloon occlusion
coincide with 50% change in flow velocity of left anterior
descending coronary artery from baseline values during
coronary occlusion. (Piek JJ, van Liebergen RAM, Koch KT,
et al. Circulation 1997;96:106–115.) B. Top: Contrast injec-
tion in the right coronary artery before (left) and during
(right) occlusion of the LAD. Bottom left: The distal vessel
is opacified by collaterals. Aortic and distal coronary artery
pressure and Doppler flow velocity tracings during coro-
nary occlusion. Bottom right: ECG before balloon inflation
at 1 minute coronary occlusion of the LAD demonstrates
collateral vessels during balloon inflation produces 65%
change in flow velocity in the right coronary artery from
baseline values. There are no ECG changes at 1 minute of
coronary occlusion in this patient. (Piek JJ, van Liebergen
RAM, Koch KT, et al. Circulation 1997;96:106–115.)



were less present in 15 patients with collateral vessels
(Fig. 18.27A,B); that is, they demonstrated contralateral
collateral flow during balloon occlusion.

Another calculation to quantify the presence and degree
of collaterals is a Doppler-derived collateral flow index
(CFI; 79–81), defined as the amount of flow via collaterals
to a vascular region (velocity during occlusion, Voccl),
divided by the amount of flow to the same region via the
normally patent vessel (velocity, Vo). The velocity is the
integral of both systolic and diastolic flow velocities during
balloon occlusion. Bidirectional flow velocity signals, (the
antegrade and retrograde velocity integrals) are added
together. Voccl/Vo after successful PCI is the formula for CFI.
A Doppler CFI �0.30 accurately predicts a collateral circu-
lation sufficient to prevent myocardial ischemia during
PCI (Fig. 18.28). The Doppler CFI is also a more sensitive
determinant of collateral flow compared with angiograph-
ically visible collateral circulation. 

Additional calculations of collateral flow can be derived
from velocity and pressure and include the velocity integral
(Vi) during balloon occlusion, the ratio of coronary wedge
pressure to aortic pressure (Pw/Pa) during balloon occlu-
sion, and the collateral resistance index (Rcoll) calculated as
aortic pressure minus wedge pressure divided by the flow-
velocity integral. In patients with acutely recruitable collat-
eral flow, in contrast to spontaneously visible collaterals,
pharmacologic challenge with adenosine and nitroglycerin
did not induce spontaneous change in diastolic velocity
integral or the Pw/Pa ratio (82,83). The predominant mech-
anism of the improved collateral function is a decrease in
the resistance in collateral vascular resistance and increase
in vascular resistance of the recipient coronary artery.

Quantitatively determined collateral flow, specifically
the CFI, also relates to future ischemic events. In 450
patients with stable coronary artery disease over a 2-year
follow-up period (84), patients with CFI �0.25 had sub-
stantially reduced events compared with those with CFI
�0.25 (2.2% of patients with good CFI had major cardiac
events versus 9% among patients with poorly developed
collaterals).

Intracoronary Pressure

Coronary back pressure during coronary occlusion reflects
the degree of collateral filling. Collateral flow contribution
to overall myocardial blood flow has been described by
Pijls et al. (85,86). The fractional flow reserve (FFR) calcu-
lations account for coronary, myocardial, and collateral
blood flow. The calculation of collateral fraction flow
reserve is determined as follows:

Compute myocardial fraction flow reserve (FFRmyo):

FFRmyo � 1 � ΔP/Pa � Pv

� Pd � Pv/Pa � Pv

� Pd/Pa

Compute coronary fractional flow reserve (FFRcor):

FFRcor � 1 � ΔP/(Pa � Pw)

Calculate collateral fractional flow reserve (FFRcoll):

FFRcoll � FFRmyo � FFRcor

where Pd is distal coronary pressure; ΔP, mean transle-
sional pressure gradient; Pv, mean right atrial pressure; Pw,
mean coronary wedge pressure of distal coronary pressure
during balloon inflation; Pa. mean aortic pressure. All mea-
surements except Pw are made during hyperemia.
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Figure 18.28 Schematic of occluded collateralized coronary
artery on the left and of a pressure and Doppler flow velocity
recording for the calculation of CFI and pressure CFI. Pressure and
Doppler derived CFI, CFIp, and CFIv are determined by measuring
intracoronary pressure during coronary occlusion, Poccl equals 46
mm Hg on right and blood flow velocity Vsubocclusion equals 11
cm/second in trend on lower right distal to balloon occluded
artery. For CFIp aortic pressure of 93 mm Hg in tracing on right is
simultaneously obtained via angioplasty guidewire. CVP is
assumed to be 5 mm Hg. CFIv for nonocclusive intracoronary flow
velocity after PTCA and after cessation of reactive hyperemia, V0
minus occlusion illustrates the ratio of CFIv obtained before occlu-
sion 25 cm/second in this example and is determined by Doppler
guidewire in the same position. (Fleisch M, Billinger M, Eberli F, et al.
Circulation 1999;100:1945–1950.)
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Figure 18.29 Case study 1 A. Angiogram of a left anterior descending (LAD) stenosis graded at
60% diameter reduction by quantitative coronary angiography. (LAO, left anterior oblique projec-
tion; RAO, right anterior oblique projection.) 6 days after an anterior myocardial infarction. In-
laboratory assessment of the stenosis was performed before and after angioplasty. Basal and hyper-
emic flow velocity data were obtained 1 cm proximal and �10 artery diameters (or 2 cm) distal to
the stenosis, using intracoronary adenosine (12 to 18 μg) administered through the guide catheter to
evaluate flow reserve.
B. Coronary flow velocity assessment of the proximal (left) and distal LAD (right). The middle panels
show coronary flow following hyperemia induced by intracoronary adenosine. The lower panels
show the basal and hyperemic flow in the distal LAD following angioplasty.
C. Coronary pressure gradient in the LAD at rest and at hyperemia pre (left) and post (right) angio-
plasty. (With permission from Kern MJ, Flynn MS, Caracciolo EA, Bach RG, Donohue TJ, Aguirre FV.
Use of translesional coronary flow velocity for interventional decisions in a patient with multiple
intermediately severe coronary stenoses. Cathet Cardiovasc Diagn 1993;29:148–153.)

RAOLAO

A

For FFRcollat, a coronary balloon is used to occlude the
vessel and the mean coronary occlusion or wedge pressure
(Pw, distal coronary pressure during balloon occlusion) is
measured and divided by the mean aortic pressure (FFRcollat �

Pw/Pa). If the central venous pressure is abnormal, then it
should be subtracted from both the wedge and aortic pres-
sures. A FFRcollat �0.25 suggests sufficient collaterals to pre-
vent ischemia during PCI (81–82). FFRcollat has also been
studied in patients with acute myocardial infarction and
shown to be the major determinant of left ventricular
recovery after primary PCI. The study of collateral flow and
function in patients is thus greatly facilitated by the use of
sensor-wire measurements.

Case Studies in Coronary Blood Flow

Coronary angiography was performed and revealed a 60%
diameter narrowing in the proximal left anterior descending
coronary artery in this young man 6 days after an anterior
myocardial infarction (panel A). In-laboratory assessment of
the stenosis was performed before and after angioplasty
(panel B). Basal and hyperemic flow velocity data were
obtained 1 cm proximal to the stenosis. The Doppler
guidewire was advanced across the stenosis. Distal (�10
artery diameters or 2 cm) basal and hyperemic flow responses
were obtained. Intracoronary adenosine (12–18 
g) was
administered through the guide catheter to evaluate 
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post-stenotic coronary reserve. Analysis of the flow velocity
data revealed normal mean proximal velocity (32 cm/sec),
with a normal phasic pattern and coronary flow reserve
(2.5 � basal). Post-stenotic flow velocity, however, was
abnormal (reduced mean velocity 17 cm/sec), with a
proximal:distal velocity ratio of 32 : 17 � 1.9 (top right).
In addition, the ratio of phasic diastolic/systolic velocity
was abnormally low (1.3 in the distal vessel; a normal left
coronary ratio �1.5), Distal coronary flow reserve was also
impaired (1.42 � basal flow). These findings were associ-
ated with a basal translesional pressure gradient of
40 mmHg (increasing to 48 mmHg during maximal hyper-
emia). Coronary angioplasty was successfully performed.
The stenosis was reduced (�30% diameter narrowing)
with normalization of the distal phasic flow velocity pat-
tern (diastolic/ systolic ratio � 1.6), augmentation of basal
mean velocity (33 cm/sec), and an increase in distal flow
reserve (�1.96) (panel C). The velocity data corresponded
to a post-angioplasty translesional pressure gradient of 
8 mmHg (20 mmHg during maximal hyperemia).

A 62 year old man presents to the catheterization labora-
tory and angiography shows an intermediate stenosis of the
distal right coronary artery. A Doppler tipped flow wire was
then placed past the stenosis (and into the mid portion of
the posterior descending artery) in question and flow-
velocity was assessed. The tracing obtained reveals poor pha-
sic flow and a reduced mean velocity. Subsequent coronary
flow reserve was assessed after adenosine hyperemia and
found to be markedly abnormal. Angioplasty was performed
on the distal right coronary artery, with resolution of the
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Figure 18.30 Case study 2. Left. Angiograms before and after
angioplasty. Right. Poststenotic flow velocity in the posterior
descending artery in the location of the white arrow demonstrating
poor phasic flow and reduced mean velocity before angioplasty
and increased mean velocity and normalized distal coronary flow
after coronary angioplasty. Flow velocity measurements reflect the
region in which velocity data is acquired. (With permission from
Segal J, Kern MJ, Scott NA, et al. Alterations of phasic coronary
artery flow velocity in man during percutaneous coronary angio-
plasty. J Am Coll Cardiol 1992;20:276–286.)

Figure 18.31 A. Case study 3. Ostial first obtuse marginal branch lesion is found in 54-year-old
women with atypical angina and no stress testing. The operator must select best options for man-
agement. Although one could treat or defer for a stress test (returning to the lab if positive), an FFR
was performed. B. FFR of OM stenosis was measured at 0.94. Medical therapy was recommended
for hiatal hernia discomfort. 

A B
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stenosis. Subsequent assessment of coronary flow revealed
restoration of the phasic flow, improvement in the mean flow
velocity, and normalization of the coronary flow reserve.

Ostial first obtuse marginal branch lesion is found in 54
year old women with atypical angina and no antecedent
stress test. The operator must select best options for
management: Treat, refer for stress testing and return to lab
if positive for ischemia, or measure FFR? In this case, FFR
was performed utilizing a Doppler pressure wire and intra-
coronary adenosine for hyperemia. The FFR of this lesion
was found to be 0.94 with multiple doses of adenosine
and the patient was discharged on medical therapy with-
out angioplasty.

A 59 year old man presents for catheterization after
being admitted for unstable angina. Angiography revealed
a significant circumflex artery lesion, a diffusely diseased
LAD with an intermediate stenosis of the mid-portion of
the vessel and minimal angiographic disease in the right
coronary artery. The operators were faced with percuta-
neous treatment of the circumflex artery or assessment of
the other vessels with FFR. FFR assessment of the LAD was
performed and was 0.78. Subequent FFR evaluation of the
right coronary artery revealed an FFR of 0.62. By utilizing
the intracoronary pressure-wire in this way, the patient was
referred for coronary artery bypass grafting of all three vas-
cular territories rather than undergoing incomplete percu-
taneous intervention of a single coronary lesion.
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Angiography remains the clinical standard for coronary and
peripheral vascular imaging to identify significant arterial
narrowing and to guide both catheter-based and surgical
interventions (see Chapters 11 and 14). Although angiog-
raphy provides a highly accurate picture of the vessel
lumen, it provides very little information about the dis-
eased arterial wall. The other catheter-based imaging tools
described in this chapter—intravascular ultrasound,
angioscopy, optical coherence tomography, spectroscopy,
thermography, and intravascular MRI—provide supple-
mental and novel insights into vascular disease and the
mechanisms of therapeutic intervention. 

INTRAVASCULAR ULTRASOUND

Intravascular ultrasound (IVUS) catheters use reflected
sound waves to visualize the arterial wall in a two-dimen-
sional, tomographic format, analogous to a histologic
cross section. They use significantly higher frequencies
than noninvasive echocardiography (20 to 40 compared
with 2 to 5 MHz). This provides high resolution (150 
m
for the coronary catheters) at the expense of limited beam
penetration (4 to 8 mm from the catheter tip). Since the
initial clinical experience with IVUS in 1988 (1), this tech-
nique has gained acceptance as both a research method
and as a clinical tool for situations in which the angiogram
is unclear or unable to make precise measurements via
visual estimate or computer-assisted techniques. 

Imaging Systems

There are two approaches to IVUS imaging—solid state
dynamic aperture and mechanical scanning. Both approaches
generate a 360	, cross-sectional image plane perpendicular
to the catheter tip. In the solid state approach, the individ-
ual elements of a circumferential array of transducer ele-
ments mounted near the tip of the catheter are activated
with different time delays to create an ultrasound beam
that sweeps the circumference of the vessel. As the number
of elements has increased (now 64), there have been pro-
gressive improvements in lateral resolution. Complex
miniaturized integrated circuits in the catheter tip control
the timing and integration of the transducer activation and
route the resulting echo information to a computer where
cross-sectional images are reconstructed and displayed in
real time. The length of the target vessel is scanned by a
motorized or manual withdrawal of the entire catheter
over a standard 0.014-inch angioplasty guidewire.

In the mechanical approach, a single transducer ele-
ment is rotated inside the tip of a catheter via a flexible
torque cable spun by an external motor drive unit
attached to the proximal end of the catheter. Images from
each angular position of the transducer are collected by a
computerized image array processor, which synthesizes a
cross-sectional ultrasound image of the vessel. The length
of the target vessel is scanned by moving the rotating
transducer back and forth manually or mechanically
within the distal end of the catheter, rather than moving
the catheter itself.

Both designs are commercially available in the United
States. The solid state coronary catheter system (Volcano
Therapeutics, Inc., Rancho Cordova, CA) has 64 transducer
elements arranged around the catheter tip and uses a

a Tony M. Chou was a coauthor of this chapter in the previous edition.
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center frequency of 20 MHz. The current coronary
catheters in a rapid exchange configuration are 2.9F and
thus compatible with a 5F guiding catheter. Larger periph-
eral imaging catheters are produced in both over-the-wire
and rapid-exchange configurations. On the other hand, a
10F phased-array catheter for intracardiac echo (ICE) imag-
ing (Siemens Medical Solutions USA, Inc., Malvern, PA)
uses a different technology adapted from transesophageal
echocardiography, providing a sector ultrasound image
with color and spectral Doppler capabilities. The catheter
is compatible with multiple-frequency imaging (5.0 to 10
MHz) so that the operator can determine the desired trade-
off between resolution and penetration (up to 15 cm).

The mechanical IVUS system manufactured in the
United States (Boston Scientific Corp., Natick, MA) uses
40-MHz coronary catheters that are 2.5F at the tip and 3.2F
at the largest dimension, compatible with a 6F guiding
catheter. Larger catheters with lower center frequencies are
also available for peripheral and ICE imaging. The catheters
are advanced over a guidewire using a short rail section at
the catheter tip, just beyond the 15-cm-long segment
within which the spinning transducer can be advanced or
withdrawn. The fact that the guidewire runs outside the
catheter parallel to the imaging segment results in a
shadow artifact in the image (the so-called guidewire arti-
fact). Mechanical catheters are slightly more difficult to
prepare for use than the solid state catheters, since the
imaging lumen must be carefully preflushed with saline to
remove any air bubbles that might degrade the image and
since the short rail design does not track as well as the
longer rapid exchange systems. Nonuniform rotational dis-
tortion (NURD) can occur when bending of the drive cable
interferes with uniform transducer rotation, causing a
wedge-shaped, smeared image to appear in one or more
segments of the image. This may be corrected by straight-
ening the catheter and motor drive assembly and lessening
tension on the guiding catheter.

In head-to-head comparisons, mechanical transducers
have traditionally offered advantages in image quality
compared with the solid state systems, although this gap
has narrowed in recent years. Both systems continue to
make image improvements, and good quality images can
be achieved by either in most cases. The solid state system
has a color flow display that shows blood flow in red,
which can be useful particularly for novice IVUS inter-
preters. With both systems, serial cross-sectional images
can be reconstructed into a longitudinal display mode (i.e.,
in a plane that runs along the axis of the vessel), and both
still frames and video images can be digitally archived on
local storage memory or a remote server using DICOM
Standard 3.0.

Basic Procedures

The technique for delivering IVUS catheters is generally
similar to that used for standard angioplasty/stent catheters

(see Chapter 22). Prior to IVUS imaging, an intravenous
injection of 5,000- to 10,000-unit heparin or equivalent
anticoagulation (see Chapter 3) should be administered,
as well as intracoronary nitroglycerine (100 to 300 
g) to
reduce the potential for spasm. The image integrity should
be checked before inserting the catheter, recognizing that
the image in air will appear as a central catheter mask with
concentric bright echo rings radiating outward from the
center (caused by reverberations from the catheter–air
interface). With the solid state catheter, the catheter tip is
first positioned in the aorta or large proximal coronary
vessel (i.e., not adjacent to any vessel wall) so that the ring-
down artifact (a halo surrounding the catheter) can be
electronically subtracted from the image before entering
the coronary artery. The zoom, gain, gray scale (contrast),
and noise elimination threshold (reject) can be adjusted if
necessary.

Although it can be useful to watch the images as the
catheter is advanced into the artery, it is generally best to
advance the imaging element distal to the area of interest
and perform a systematic examination during pullback.
Automated pullback devices withdraw the imaging ele-
ment at a steady rate of 0.5 or 1.0 mm/second, which
allows accurate axial registration of each cross section and
thus, precise longitudinal distance measurements.

Image Interpretation

Interpretation of the images begins with the identification
of two key landmarks: the blood/intima (luminal) border
and the media/adventitia interface (Fig. 19.1). The luminal
border is the first bright interface beyond the catheter and
is generally easy to locate on IVUS images. However,
blood within the lumen exhibits a speckled low-intensity
pattern that is more prominent at higher ultrasound fre-
quencies and may make recognition of the intimal border
more difficult. Signal-processing software can color code
or subtract the blood signal so that it does not obscure the
intimal interface. If the blood signal is still confusing,
saline can be injected through the guiding catheter to
reduce blood speckle and help to delineate the true lumen
border. 

The second key IVUS landmark is the media/adventitia
border. In muscular arteries such as the coronary tree, the
media may stand out as a thin dark band since it contains
much less echo-reflective material (collagen and elastin)
than the neighboring intima and adventitia. This provides
a characteristic three-layered (bright-dark-bright) appear-
ance on IVUS images (2). However, the stronger echo-
reflectivity of the intimal layer often causes a spillover
effect, known as blooming, resulting in a slight overestima-
tion of the intimal thickness with a corresponding under-
estimation of the medial thickness. Also, this three-layered
appearance may be undetectable in truly normal coronary
arteries of which the intimal thickness is below the effec-
tive resolution of IVUS.
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In atherosclerotic disease where the media has been
destroyed, the media may not appear as a distinct layer
around the full circumference of the vessel. In the proximal
vessel segments and at branch points, the media contains
relatively high amounts of collagen and elastin, frequently
causing it to blend with the surrounding layers. Even in
these cases, however, the boundary between the outer
media and adventitia (the outer perimeter of plaque-plus-
media zone) is generally identifiable owing to a step-up
in echo-reflectivity at this boundary without blooming. In
most cases, the IVUS beam penetrates beyond the arterial

wall, providing images of perivascular structures such as
the cardiac veins, the myocardium, and pericardium (Fig.
19.2). These structures have characteristic appearances
when viewed from different positions within the arterial
tree and can provide useful landmarks regarding the posi-
tion of the imaging plane (3). 

Quantitative Assessment

Unlike coronary angiograms, IVUS images have an intrin-
sic distance calibration, which is usually displayed as a grid
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Figure 19.1 Cross-sectional format of a typical IVUS
image. The bright-dark-bright, three-layered appearance
is seen in the image with corresponding anatomy as
defined. “IVUS” represents the imaging catheter in the
blood vessel lumen. Histologic correlation with intima,
media, and adventitia are shown. The media has lower
ultrasound reflectance owing to less collagen and elastin
compared with neighboring layers. Because the intimal
layer reflects ultrasound more strongly than the media,
there is a spillover in the image, which results in a slight
overestimation of the thickness of the intima and a cor-
responding underestimation of the medial thickness.
(See Color Plate)

Figure 19.2 Perivascular landmarks. A. A distal cross section of the left anterior descending
artery. The right and left branches of the anterior interventricular vein (AIV) are seen framing the
coronary artery. The pericardium appears as a bright arc with spokes emitting from it (arrows). B. A
cross section of the mid right coronary artery. Bridging veins arch over the artery, typically at a posi-
tion just adjacent to the right ventricular (RV) marginal branches.



on the image. Electronic caliper (diameter) and tracing
(area) measurements can be performed at the tightest cross
section (maximum stenosis), as well as at reference seg-
ments located proximal and distal to the lesion (4). In gen-
eral, the reference segment is selected as the most normal-
looking (largest lumen with smallest plaque burden) cross
section within 10 mm from the lesion with no intervening
major side branches. 

Vessel and lumen diameter measurements are impor-
tant in everyday clinical practice where accurate sizing of
devices is needed. The maximum and minimum diameters
(the major and minor axes of an elliptical cross section)
are the most widely used. The ratio of maximum to mini-
mum diameter defines a measure of symmetry. Area mea-
surements are performed with computer planimetry;
lumen area is determined by tracing the leading edge of the
blood/intima border (Fig. 19.1), whereas total vessel (or
external elastic membrane, EEM) area is defined as the area
enclosed by the outermost interface between media and
adventitia. Plaque area (or more accurately, the plaque
plus media area) is calculated as the difference between
vessel and lumen areas; the ratio of plaque to total vessel
area is termed the percent plaque area, plaque burden, or
percent cross-sectional narrowing.

Arterial Disease

The early changes of atherosclerotic disease, so-called fatty
streaks, are too thin to be visualized with IVUS. As plaque
continues to develop, it can be resolved on IVUS with dif-
ferent acoustic properties. A plaque with extensive lipid
infiltration has low echo-reflectivity (less than the adventi-
tia) on IVUS. Plaques with predominantly fibrous tissue
are more echogenic than the fat-laden plaques and can
cause signal attenuation to some degree. Calcified plaque
is recognized by a bright interface that overlies a dark
shadow extending radially outward (Fig. 19.3). This acoustic
shadowing, often accompanied by reverberations or ghost

images of the calcium (regularly spaced arcs deep to the
initial bright interface), obscures the true depth of the cal-
cified plaque as well as any deeper tissue. Calcium is seen
by IVUS in 60 to 80% of lesions undergoing intervention,
only half of which are detected by fluoroscopy/angiogra-
phy (5,6). A rough rule of thumb is that an arc of calcium
must occupy two quadrants (180	) on IVUS to be visible
on fluoroscopy. Calcium on IVUS is seen more frequently
with increasing age and in patients with stable (as opposed
to unstable) angina and correlates more with plaque bur-
den than lesion severity (6).

One of the major limitations of IVUS in tissue identifi-
cation is the difficulty in discriminating thrombus from
soft plaque, because both have similar signals or “texture”
and brightness. IVUS clues to the presence of thrombus
include (a) a nodular appearance or clefts in the tissue, (b)
small channels within the mass, (c) scintillating appear-
ance (reminiscent of amyloidosis on transthoracic echocar-
diography). or (d) tissue that moves (wiggles) in response
to motion of the vessel wall (4).

The application of IVUS in clinical practice has given us
several unique insights into the nature of coronary disease.
For example, IVUS generally reveals a much larger plaque
burden than would be estimated by angiography. When a
vessel appears to have a discrete stenosis by angiography,
IVUS almost invariably shows that there is considerable
atherosclerotic disease present throughout the entire length
of the vessel. Even a reference that is normal or near nor-
mal angiographically has on average 35 to 51% of cross-
sectional area plaque burden (Fig. 19.4; 7,8). 

IVUS also gives a precise representation of the distribu-
tion of plaque within the vessel wall—specifically the
eccentricity or concentricity of atherosclerotic plaque—and
the relationship of plaque volume to vessel wall area.
Plaques that appear to be concentric by angiography are
often eccentric by IVUS and vice versa (5,9). Remodeling—
localized expansion of the vessel wall in areas of high
plaque burden as originally described by Glagov—occurs
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Figure 19.3 Examples of coronary calcification. A. A complex calcified plaque is seen between 12
and 6 o’clock. There is superficial and deep calcium with a disrupted appearance. B. Heterogeneous
tissue density is shown with a rim of fibrofatty plaque and a deep deposit of calcium at 7 o’clock. C.
Superficial circumferential calcification gives a napkin ring appearance. A faint reverberation is seen
between 5 and 10 o’clock. The deeper vessel structure and external elastic membrane are obscured
by the shadowing of the calcium layer.



as if the vessel were stretching to accommodate the accu-
mulation of plaque so as to avoid narrowing its lumen.
The remodeling response may be heterogeneous, with
some segments showing the positive Glagov remodeling as
others show negative remodeling (shrinkage or constric-
tion that works in conjunction with plaque burden to
accentuate luminal stenosis; 10,11). Consistent with post-
mortem studies, IVUS has demonstrated that proximal
LAD lesions are localized on the opposite wall from the
flow divider between the LAD and circumflex (12), sup-
porting the theory that abnormally low shear forces con-
tribute to plaque formation. Similarly, studies have shown
that atherosclerotic plaque tends to form more on the
inner curvature of the vessel arc (the wall opposite the peri-
cardium when seen on IVUS; 13).

Diagnostic Applications

IVUS has been used to clarify situations in which angiogra-
phy is equivocal or difficult to interpret (especially ostial
lesions or tortuous segments where the angiogram may
not lay out the vessel well for interpretation). For interme-
diate lesions, careful IVUS measurement is made of the
minimum lumen area (MLA) compared with the proximal
and distal reference lumen areas. A 60 to 70% area stenosis
or an absolute lumen cross-sectional area �3 to 4 mm2

indicates a hemodynamically significant stenosis (14–16).
Alternatively, physiologic assessment with fractional flow
reserve (FFR) provides a more direct measure of hemody-
namic significance (see Chapter 18). The mere presence of
plaque in coronary arteries by IVUS does not justify coro-
nary interventions or bypass surgery, as plaque burden can
be high in areas of minimal stenosis that do not warrant
treatment.

One of most intriguing areas of current IVUS research
is the attempt to identify the vulnerable plaque. Low
echogenicity of plaque (an index correlated to its lipid
content) has not been shown convincingly to predict clini-
cal events, nor does IVUS imaging have sufficient resolu-
tion to identify the classic configuration of a thin fibrous
cap overlying a lipid pool. Identification of lipid may be
improved by the addition of tissue characterization meth-
ods (17,18), involving analysis of the raw radiofrequency
signals in the reflected ultrasound beam (e.g. virtual histol-
ogy, Volcano Therapeutics, Inc., Rancho Cordova, CA).
Another application of the radiofrequency signal analysis
is IVUS palpography that measures motion (strain) pat-
terns of the arterial wall in response to the change between
systolic and diastolic arterial pressure. In this technique,
the local strain of the tissue is displayed color coded on the
luminal boundaries of the IVUS image. A recent clinical
study using three-dimensional IVUS palpography showed
that the number of highly deformable plaques correlated
with both unstable clinical presentation and levels of 
C-reactive protein (19). Plaque activity also appears to corre-
late with the extent of positive remodeling (20–23). It is
plausible that there may be a pathophysiologic link
between remodeling and plaque rupture, since increased
activity of inflammatory cells and matrix metallopro-
teinases are linked both to both processes.

IVUS has also been used to assess the accelerated coro-
nary artery disease seen after heart transplantation (24–26).
The vasculopathy typically consists of concentric intimal
proliferation that progresses to diffuse arterial obliteration
within the first 2 years after transplantation. More complex
plaques with calcification and little or no positive remod-
eling may develop subsequently, and contribute to hemo-
dynamically significant stenosis. 
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Figure 19.4 Angiographically silent
disease. The angiogram of the right
coronary artery suggests minimal dis-
ease (A). IVUS images (B), however,
show significant circumferential plaque
ranging from 0.5- to 1.5-mm thickness
throughout its length. The lumen is
large, round, and regular, accounting for
the benign angiographic appearance.



Guidance for Interventions

IVUS imaging has proven useful in selecting appropriate
catheter-based intervention as well as in optimizing
the results of coronary procedures. With current IVUS
catheters, most lesions intended for treatment can be
imaged before intervention, providing information about
the true size of the vessel, the distribution of plaque, and
the nature of the involved tissue. Early observational stud-
ies suggested that this leads to a change in interventional
strategy in 20 to 40% of cases (27,28), notably use of rota-
tional atherectomy for calcified lesions or changes in bal-
loon or sent sizing based on a larger EEM diameter than
estimated from angiography. 

Balloon Angioplasty

Tearing or dissection of plaque is a frequent and important
feature of PTCA (see Chapter 22) and occurs in 45 to 70%
of cases interrogated by IVUS imaging, compared with 20
to 45% by angiography (5,29–31). IVUS has shown that
dissections are often located at the junction of calcified
and noncalcified plaque (where shear forces from dilation
are high) or at the junction between eccentric plaque and
normal vessel wall (as the elastic, nondiseased wall sepa-
rates away from the more rigid plaque). The depth of dis-
sections relative to the media or adventitia can also be
accurately evaluated (Fig. 19.5). IVUS has been used effec-
tively to guide balloon sizing in PTCA, as in CLOUT
(CLinical Outcomes with Ultrasound Trial) where IVUS
guidance led oversizing of the balloon by 0.5 mm com-
pared with angiography (32). This strategy leads to a low
postprocedure residual stenosis without increased compli-
cation rates and 6-month restenosis rates in the 20% range
(33,34). A serial IVUS study demonstrated that most late
lumen loss following nonstent intervention was owing to
negative arterial remodeling (a decrease in vessel cross-sec-
tional area), with only about a quarter of the late loss
owing to tissue proliferation (35–37). 

Atherectomy

IVUS studies have demonstrated that plaque removal
accounts for only 40 to 80% of lumen gain with direc-
tional coronary atherectomy (DCA), with the remainder
owing to mechanical expansion by the device and balloon
dilatation (see Chapter 23; 38,39). In addition, impres-
sively high residual plaque burden has been demonstrated
following even optimal DCA (an average of 60% residual
plaque burden in vessels with angiographic residual steno-
sis �20%). IVUS imaging has also been used successfully
as an adjuvant to DCA. The presence of superficial calcium
substantially reduces tissue retrieval, and serial IVUS can
be used as a directional aid to facilitate more accurate and
complete plaque removal. 

Studies in which IVUS was used in conjunction with
DCA suggested that restenosis correlates with the residual
plaque burden following atherectomy. In the Optimal
Atherectomy Restenosis (OARS) trial, residual plaque bur-
den was thus 57% with a restenosis rate of 29% (39),
whereas an average postprocedure plaque burden of 46%
in the Adjunctive Balloon Angioplasty following Coronary
Atherectomy Study (ABACAS) resulted in a 6-month angio-
graphic restenosis of 21% (40). As with PTCA, late lumen
loss following DCA is owing predominantly to negative
remodeling, with a smaller component of intimal prolifer-
ation (35–37,41).

Stents

Stent struts are easily visualized on IVUS examination as a
collection of bright, distinct echoes, characteristic for each
stent type. IVUS also reveals that part of the mechanism of
lumen enlargement following stent placement is the axial
extrusion of noncalcified plaque into the adjacent reference
zones (42,43). Plaque volume is thus driven out of the
stented region and gained in the distal and proximal refer-
ence sites, a phenomenon that possibly contributes to the
angiographic step-up/step-down appearance poststenting.
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Figure 19.5 Examples of dissections. A. A superficial dissection starting at 6 o’clock and extend-
ing clockwise. The dissection flap does not extend far into the vessel lumen. B. A deeper dissection
with dissection flap that extends into the lumen and may compromise flow or precede abrupt clo-
sure. Injection of contrast in this setting can demonstrate free fluid flow behind the flap to better
define the extent of tear. C. Eccentric plaque with a deep dissection at 8 o’clock that penetrates the
external elastic lamina and extends into the adventitia.



IVUS has identified several stent deployment issues,
including incomplete expansion and incomplete apposition
(Fig. 19.6). Incomplete expansion occurs when a portion of
the stent is inadequately expanded compared with the distal
and proximal reference dimensions, as may occur where
dense fibrocalcific plaque is present. Incomplete apposi-
tion (seen in 3 to 10% of stent cases) occurs when part of
the stent structure is not fully in contact with the vessel
wall, possibly increasing local flow disturbances and the
potential risk for subacute thrombosis. IVUS observation
of incomplete expansion and apposition by Colombo and
Tobis led to their development of the current high-pressure
deployment techniques (see Chapter 24; 44,45). 

Subsequent studies have shown that IVUS-guided stent
placement improves the clinical outcome of bare metal stents.
In the Multicenter Ultrasound guided Stent Implantation in
Coronaries (MUSIC) trial, IVUS-guided stenting required
(a) complete apposition over the entire stent length, (b)
instent minimum stent area (MSA) �90% of the average of
the reference areas or 100% of the smallest reference area,
and (c) symmetric stent expansion with minimum/maxi-
mum lumen diameter �0.7 (46). Subacute thrombosis of
�2% was felt to represent a reduction over nonguided
deployment, although with current antiplatelet regimens,
similar results can usually be achieved by high pressure
postdilation without IVUS confirmation. 

Nevertheless, a number of studies have suggested a link
between suboptimal stent implantation and stent throm-
bosis, including the Predictors and Outcomes of Stent
Thrombosis (POST) registry, which demonstrated that
90% of thrombosis patients had suboptimal IVUS
results—incomplete apposition (47%), incomplete expan-
sion (52%), and evidence of thrombus (24%)—even
though only 25% of patients had abnormalities on angiog-
raphy (47). These observations were replicated in a more
recent study by Cheneau and colleagues, suggesting that
mechanical factors continue to contribute to stent throm-
bosis even in this modern stent era with optimized
antiplatelet regimens (48). Although the use of IVUS in all

patients for the sole purpose of reducing thrombosis is
clearly not warranted from a cost standpoint, IVUS imaging
should be considered in patients at particularly high risk
for thrombosis (e.g., slow flow) or in whom the conse-
quences of thrombosis would be severe (left main).

Over the past decade, a number of studies have shown
that MSA as measured by IVUS is one of the strongest pre-
dictors for both angiographic and clinical restenosis.
Kasaoka and colleagues (50) indicated that the predicted
risk of restenosis decreases 19% for every 1-mm2 increase in
MSA and suggested that stents with MSA �9 mm2 have a
greatly reduced risk of restenosis (49). In the Can Routine
Ultrasound Improve Stent Expansion (CRUISE) trial, IVUS
guidance by operator preferences increased MSA from 6.25
to 7.14 mm2, leading to a 44% relative reduction in target
vessel revascularization at 9 months compared with angio-
graphic guidance alone. In the Angiography Versus IVUS-
Directed stent placement (AVID) trial, IVUS-guided stent
implantation resulted in larger acute dimensions than
angiography alone (7.54 versus 6.94 mm2) without an
increase in complications and lower 12-month TLR rates
for vessels with angiographic reference diameter �3.25
mm, severe stenosis at preintervention (�70% angio-
graphic diameter stenosis), and vein grafts (51). However,
controversial results were also reported in some IVUS-
guided stent trials (52,53), presumably owing to differing
procedural end points for IVUS-guided stenting as well as
various adjunctive treatment strategies that were used in
these trials in response to suboptimal results.

Instent restenosis is owing to intimal proliferation
(Fig. 19.7); there is no evidence for stent recoil or late
compression (37,54). Growth of neointima is generally
greatest in the areas with the largest prestent plaque burden
(55,56), and the intimal growth process seems to be more
aggressive in diabetic patients (57). In the treatment of
instent restenosis, IVUS can be helpful in distinguishing
pure intimal ingrowth from poor stent expansion, especially
if ablative therapies are being considered. Using serial IVUS
immediately before and after balloon angioplasty for
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Figure 19.6 IVUS-detected problems with stent deployment. A. An edge tear, or a disruption of
plaque, at the stent margin with little compromise of the lumen. B. Incomplete stent expansion rela-
tive to the vessel size. C. Incomplete stent apposition, where there is a gap between a portion of the
stent and the vessel wall (between 12 and 7 o’clock on the IVUS image). The apparent thickness of
the stent struts in this area is owing to reverberations. Injection of contrast/saline or blood speckling
on a dynamic image can help define the lumen boundary behind the struts. 



instent restenosis, Castagna and colleagues (58) have shown
that in 1,090 consecutive instent restenosis lesions, 38% of
lesions had a MSA �6.0 mm2. Stent underexpansion can
result in clinically significant lumen compromise even with
minimal neointimal hyperplasia. For this type of instent
restenosis, mechanical optimization will be appropriate in
most cases. IVUS can also track the response to treatment,
with evidence that angioplasty of instent restenosis is fol-
lowed by reintrusion of tissue within 40 minutes after inter-
vention (59). This finding may help explain why it appears
that ablative therapies appear to have better outcomes than
balloon angioplasty for instent restenosis (see Chapter 23). 

Drug-Eluting Stents

In the drug-eluting stent (DES) era, the fact that the drugs
dramatically reduce the variability of the biologic response
(intimal proliferation) further strengthens the prognostic
value of the MSA as a powerful predictor for instent
restenosis. This is well illustrated in recent IVUS work by
Sonoda and colleagues (60), in which sirolimus-eluting
stents showed a stronger positive relation with a greater
correlation coefficient between baseline MSA and 8-month
MLA compared with control bare metal stents (0.8 versus
0.65 and 0.92 versus 0.59, respectively). 

The discovery of edge effects associated with intracoronary
radiation therapy raised the concern of lumen narrowing in
adjacent reference segments as a potential limitation of

DES as well. Fortunately, clinical experience so far with
sirolimus and paclitaxel-eluting stents has shown no accel-
erated edge restenosis overall when compared with con-
ventional bare metal stents. Detailed serial IVUS analysis
of the SCORE trial revealed that the favorable edge effect
was primarily owing to the lack of vessel shrinkage despite
similar amounts of plaque proliferation compared with the
control group (61). A similar vessel response has also been
reported in ASPECT and TAXUS-II (62,63). On the other
hand, several DES trials demonstrated less effective sup-
pression of late lumen loss at the proximal peristent seg-
ment compared with the distal edge, possibly providing an
important clue for optimal deployment of DES. These
findings suggest that less aggressive stent dilatation and
complete coverage of reference disease may be beneficial,
as long as significant underexpansion and incomplete strut
apposition to the vessel wall are avoided. 

Recurrent restenosis following DES implantation for
instent restenosis was also recently investigated using IVUS
(64). In a series of 48 instent restenosis lesions treated with
sirolimus-eluting stents, 82% of recurrent lesions had a
MSA �5.0 mm2 compared with 26% of nonrecurrent
lesions (P � 0.003). In addition, a gap between sirolimus-
eluting stents was identified in 27% of recurrent lesions
versus 5% of nonrecurrent lesions. These observations fur-
ther emphasize the importance of procedural optimization
at the DES implantation for both de novo and instent
restenosis lesions.
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Figure 19.7 IVUS images 8 months after
stent deployment. A conventional bare metal
stent shows a considerable amount of neointima
inside the stent (A). In contrast, a significant sup-
pression of instent neointimal proliferation is
observed with a sirolimus-eluting stent (B).



Late acquired incomplete apposition of DES has also
been reported in both experimental (paclitaxel) and clini-
cal studies (sirolimus and paclitaxel). Importantly, several
IVUS studies have indicated that the main mechanism is
focal, positive vessel remodeling, as in the case of brachyther-
apy (65). Furthermore, there is a strong suggestion that
incompletely apposed struts are seen primarily in eccentric
plaques, with gaps developing mainly on the disease-free
side of the vessel wall, suggesting that the combination of
mechanical vessel injury combined with the reduced
healing caused by pharmacologic agents in the setting of
little underlying plaque may predispose the vessel wall to
chronic, pathologic dilatation. 

Safety

As with other interventional procedures, the possibility of
spasm, dissection, and thrombosis exists when intravascu-
lar imaging catheters are used. In a retrospective study of
2,207 patients, Hausmann and colleagues (66) identified
spasm in 2.9% of patients and other complications includ-
ing dissection, thrombosis, and abrupt closure with “cer-
tain relation” to IVUS in 0.4%. This study was performed
with first-generation catheters in the early 1990s, and it is
likely (though not documented) that the incidence of
spasm and other complications is substantially lower with
the current-generation catheters.

Usage and Costs

In 2003–2004, it is estimated by the U.S. manufacturers
that IVUS catheters are used in approximately 4 to 5% of
coronary interventional cases in the United States. A signif-
icant—but unknown—proportion of current IVUS usage is
for clinical studies, such as trials of drug-eluting stents.
Over the past 5 years, the use of catheters has increased at
approximately 5% per year. In Europe, IVUS usage is con-
siderably lower (1%), whereas in Japan �30% of coronary
interventions use IVUS guidance. These international dif-
ferences in usage reflect not only practice patterns but also
significant differences in reimbursement for IVUS imaging
(highest in Japan).

In the United States, current retail sales prices for the
stand-alone single-use imaging catheters range between
$600 and $850. The retail price of the IVUS imaging con-
sole is between $150,000 and $250,000, though the actual
prices paid by hospitals vary widely depending on
bundling deals and other special arrangements. The Health
Care Financing Administration approved reimbursement
for the IVUS procedure and interpretation for Medicare
patients in 1997, based on the number of vessels imaged.
A number of other carriers have also approved reimburse-
ment for IVUS, although payment is on a region-by-region
basis. In most places, the total reimbursement is less than
the cost of the catheters.

ANGIOSCOPY

Percutaneous coronary angioscopy is an endoscopic tech-
nology adapted from the gastrointestinal to the endovascu-
lar domain. It provides real-time, full-color images of the
luminal surface of coronary arteries to visualize the surface
color and superficial morphology of atherosclerotic plaque,
thrombus, and intimal flaps. Since the initial clinical expe-
rience in percutaneous coronary angioscopy reported in
1985 (67), significant technical improvement has been
achieved with image quality enhancement, catheter minia-
turization, and development of subselective catheterization
systems. Although the Food and Drug Administration has
not yet approved any coronary angioscopy system for use in
the United States, clinical investigators worldwide have
been using this diagnostic modality to offer unique insights
into the pathophysiology of coronary lesions, particularly
in the field of acute coronary syndromes.

Imaging Systems and Procedures 

In general, intracoronary angioscopy consists of an external
optical engine incorporating a light source and a Charge
Coupled Device (CCD) camera; a fiberoptic catheter for illu-
mination and imaging; a subselective delivery catheter sys-
tem; and a video monitor with an image recording system.
The light source emits a high-intensity white light to illumi-
nate the target object through the fiberoptic catheter. The
imaging catheter contains a flexible fiberoptic bundle of sev-
eral thousand pixels; the latest generation catheter, incorpo-
rating 6,000 fibers, is 0.75 mm in outer diameter with a
microlens providing a 70	 field of view and a focused depth
ranging from 1 to 5 mm. The delivery catheter system for the
imaging catheter serves two roles: subselective delivery of
the angioscope to the target segment, and the creation of a
blood-free field for optical imaging. Conventional delivery
systems were equipped with a distal balloon or cuff for
occluding blood flow; an alternative system uses a smaller
catheter to continuously flush an optically clear liquid in
front of the tip of the angioscope for blood displacement.
This approach precludes possible complications related to
the balloon occlusion (coronary rupture, dissection, or
thrombosis) and minimizes ischemic time as blood flow is
restored immediately as the flush pressure is reduced.

Prior to the procedure, “white balancing” by imaging
a reference white surface is required to adjust the internal
circuitry of the video camera for the correct white level.
The occlusion cuff system requires an 8F guiding catheter
whereas the nonocclusion/flush approach is compatible
with a 6F guiding catheter; both delivery designs accept a
standard 0.014-inch angioplasty guidewire. The angio-
scope with the cuff occlusion design (4.5F) is advanced
to the region of interest using a double monorail tech-
nique (inner optical bundle and outer delivery catheter)
under fluoroscopy. As warm Ringer lactate is infused (0.3
to 1.0 mL/second) through the distal guidewire lumen,
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the occlusion cuff is gently inflated with a saline/contrast
mixture until a satisfactory blood-free imaging is obtained.
The monorail optical bundle is then advanced or with-
drawn along the guidewire as needed to bring the target
lesion into the optimal view.

In contrast, the angioscope with the noncuff approach
uses an over-the-wire technique to advance the delivery
system (4.0F) to the target site. After removal of a 2.9F
inner catheter together with the guidewire (a secondary
guidewire thus may be required to protect the target
lesion), the fiberoptic probe is advanced within the outer
delivery catheter. To avoid vessel injury, the probe tip
should be placed immediately proximal to the exit of the
delivery catheter under real-time angioscopy. The seg-
ment of interest is then imaged by pullback of the entire
system with continuous flush through the delivery catheter.
Some operators experienced in this technique prefer
warm low-molecular weight dextran for safe and effective
irrigation.

Image Interpretation

Similar to gastrointestinal angioscopy, coronary angio-
scopic images are interpreted based on the surface color
and endoluminal morphology of vessel walls or structures.
The normal coronary artery surface appears as grayish
white and smooth in contour without any protruding
structure, whereas atherosclerotic plaques can show vary-
ing degrees of yellowish color (Fig. 19.8) with or without
visible irregularities on the luminal surface. The yellow
plaque surface signifies a lipid-rich core seen through a
fibrous cap, and the yellow intensity rises as the fibrous cap
thins and becomes increasingly transparent. Dissections are
characterized as visible cracks or fissures on the luminal
surface and/or sail-like white protruding structures that
can be loose or immobile inside the lumen. Intimal flaps
are visualized as thin, faint, highly mobile fronds of white
tissue. Both structures are generally contiguous and of sim-
ilar appearance to the adjacent vessel wall. Thrombi are

recognized as masses that are red, white, or mixed in color,
which adhere to the intima or protrude into the lumen.
Red masses, not dislodged by flushing, are considered as
fibrin/erythrocyte-rich thrombi, whereas white granular or
cottonlike appearances are characteristics of platelet-rich
thrombi. Subintimal hemorrhage may be detected as dis-
tinct, demarcated patches of red coloration that are clearly
within the vessel wall.

A histopathologic basis for angioscopic image interpre-
tation has been provided by several investigators. In an ex
vivo study of 70 postmortem human arterial segments,
Siegel and colleagues (68) classified angioscopic findings as
normal artery, stable atheroma, disrupted atheroma, and
thrombus. Compared with the histologic reference,
angioscopy demonstrated a high sensitivity, specificity,
and accuracy (each �90%) for all categories but dis-
rupted atheroma. For this type of lesion, the sensitivity
was only moderate (73%), whereas the specificity, accu-
racy, and predictive values were still high (�90%).
Importantly, the sensitivity of angioscopy for thrombus
was 100% and significantly superior to that of IVUS
(57%). Other investigators validated in vivo angioscopic
findings using corresponding tissue materials retrieved
by DCA (69). This study concluded that yellow plaque
color was closely related to degenerated plaque or
atheroma and was associated with unstable coronary
syndromes.

To alleviate subjectivity in reporting angioscopic inter-
pretation, several investigators have proposed classification
systems for angioscopic findings with reproducibility eval-
uation. The Ermenonville classification was established
by a European coronary angioscopy working group, featur-
ing several parameters, such as image quality, lumen diam-
eter, surface color, atheroma, dissection, and thrombus,
graded in 3 to 5 categories (70). However, � values for
chance-corrected intraobserver and interobserver agree-
ments of the diagnostic items were low at 0.51 to 0.67 and
0.13 to 0.29, respectively. On the other hand, the impor-
tant items, such as red thrombus and dissection, were
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Figure 19.8 An example of yellow plaque grading by angioscopy. The surface color represents a
lipid-rich core seen through a fibrous cap, and its intensity rises as the fibrous cap thins and becomes
increasingly transparent. (From Ueda Y, et al. The healing process of infarct-related plaques. Insights
from 18 months of serial angioscopic follow-up. J Am Coll Cardiol 2001;38:1916–1922.) (See Color Plate)



shown to have a good intraobserver and acceptable inter-
observer agreements when recoded more simply as either
present or absent. Similarly, relatively simple classifica-
tions by other investigators resulted in good reproducibil-
ity (71). Quantitative evaluation of lumen narrowing is
also limited with current angioscopy, although a total
occlusion and the presence or absence of lumen narrowing
can be recognized.

Clinical Experience

Acute Coronary Syndromes

Driven by the high sensitivity of angioscopy to detect intra-
luminal thrombus in vivo, a number of clinical studies
have investigated morphologic characteristics of culprit
lesions responsible for acute coronary syndromes. By
angioscopy, most culprit lesions show occlusive or mural
thrombi frequently overlying disrupted yellow plaque
(69,72,73). The thrombi are predominantly white, but can
turn into red or mixed once they become occlusive. In
some cases, the thrombi look yellow where they are mixed
with exposed materials from a lipid core of disrupted
plaque. One investigator group suggests that this type of
culprit lesions may have a higher risk of distal emboliza-
tion at PCI than purely thrombotic lesions with no visible
plaque content protrusion (74). In a small percentage of
acute myocardial infarction cases, neither yellow plaque
nor adhering thrombus is detected after reperfusion; in
these situations, secondary thrombosis after vasospasm or
other mechanisms may be suspected.

The detailed healing process of infarct-related, disrupted
plaques has also been evaluated in vivo by serial angioscopy.
In a study by Ueda and colleagues (75), culprit lesions were
examined immediately after PCI and/or thrombolysis and at
1, 6, and 18-month follow-up. Thrombus was detected in
93% at baseline and in 64% even 1 month after the onset
of acute myocardial infarction, suggesting long persistent
thrombogenicity at the culprit lesion. The prevalence of
thrombus, however, markedly decreased at the following
time points, accompanied by a significant reduction in
visually graded yellow color intensity of the plaque.
Interestingly, these stabilization processes were signifi-
cantly impaired in patients with diabetes mellitus or
hyperlipidemia.

Detection of Vulnerable Plaque

To date, a number of angioscopic studies have suggested
that intensive yellow surface color of plaque is associated
with unstable lesion morphology or clinical presenta-
tions. An early clinical study showed that yellow plaques
were more common in patients with acute coronary dis-
orders (50%) than in those with stable angina (15%) or
old myocardial infarction (8%; 72). In a more recent
study of 843 patients who underwent catheterization for

suspected coronary disease, 1,253 yellow plaques were
detected at nonstenotic (diameter stenosis �50%) seg-
ments and were graded as 1 to 3 (from light to intensive
yellow) using prespecified color samples (Fig. 19.8; 76).
This extensive series reported that intraluminal throm-
bus was detected more frequently on the plaque of
higher yellow color grade (15%, 26%, and 52% on the
plaque of color grade 1, 2, and 3, respectively, P �

0.0001). 
Pathophysiologic mechanisms for this association may

be partly explained by structural and mechanical character-
istics of yellow plaques. An experimental study using a
bovine model of lipid-rich plaque showed an inverse corre-
lation between angioscopic percent yellow saturation and
histologic plaque cap thickness (77). A similar correlation
was also reported in a clinical study by comparing angio-
scopic surface colors and plaque cap thickness measured
by integrated backscatter analysis of IVUS signals (78).
Furthermore, another clinical angioscopic study with con-
ventional IVUS and simultaneous intracoronary pressure
measurement demonstrated that yellow plaques had higher
distensibility and greater remodeling ratio (more com-
pensatory enlargement) than white plaques (23), both
suggesting increased vulnerability of angioscopic yellow
plaques.

On the other hand, yellow surface color of individual
plaques alone may not have a sufficiently high predictive
value for future clinical events, presumably owing to the
presence of “silent” plaque rupture as well as the need of
additional factors for triggering the events. Uchida and
colleagues (79) reported the first prospective 12-month
follow-up study and found that acute coronary syndromes
occurred more frequently in patients with yellow plaques
than in those with white plaques. Moreover, the syn-
dromes occurred more frequently in patients with glisten-
ing yellow plaques than in those with nonglistening yellow
plaques, but the positive predictive values of overall yellow
and glistening yellow plaques were only 28% and 69%,
respectively. More recently, Asakura and colleagues per-
formed extensive angioscopic examination of all three
major coronary arteries in patients undergoing follow-up
catheterization 1 month after myocardial infarction (80).
Both infarct-related and non–infarct related coronary arter-
ies showed equally prevalent, multiple yellow plaques
(3.7  1.6 versus 3.4  1.8 plaques per artery, respec-
tively), indicating a pan-coronary process of vulnerable
plaque development. Clinical follow-up (931  107 days)
of the enrolled patients showed a secondary event rate of
only 20%. On this basis, the same investigator group pro-
posed a plaque index (number of yellow plaques multi-
plied by maximum color grade) and found that patients
who suffered another acute event during 5-year follow-up
had a higher index at baseline than patients who did not
(9.5  6.8 versus 4.4  4.0, P � 0.02; 74). Although whole
coronary tree examination by angioscopy is not practical in
clinical settings, angioscopic plaque characterization has
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the potential to offer unique complementary information
in the field of vulnerable plaque/patient investigation.

Interventional Applications

Assessment of lesions before or after coronary intervention
represents another commonly reported application of
coronary angioscopy. One early study, for example, evalu-
ated 122 patients undergoing conventional PTCA and
revealed that angioscopic thrombus was strongly associ-
ated with in-hospital adverse outcomes (either a major
complication or a recurrent ischemic event) after PTCA
(relative risk, 3.11; 95% CI, 1.28 to 7.60; P � 0.01; 81).
Another study also showed a similar correlation between
the presence of red thrombus and early closure following
laser-assisted coronary angioplasty (82).

Coronary angioscopy may significantly contribute to
our understanding of new interventional devices or phar-
macologic interventions. In coronary stenting, for example,
several investigators have evaluated in vivo vessel response
to bare metal stent implantation by serial angioscopy.
Unlike animal models, these human studies suggested
that, in some cases, several months may be required for vis-
ible completion of neointimal coverage over the metal
struts. Instent neointima became thick and nontransparent
until 6 months and, thereafter, became thinner and trans-
parent by 3 years (83). Similarly, thrombus was observed
up to 6 months but completely disappeared by 3 years,
indicating that functional neointimal maturation may
require up to several months following stent implantation.
A more recent study investigated the effect of stenting on
infarct-related lesions as well (84). At baseline, most lesions
had complex morphology (96%) and yellow plaque color
(96%), most of which were still observed even 1 month
after stenting. At 6-month follow-up, however, the plaque
shape and color mostly turned into smooth (97%) and
white (93%), suggesting that stent implantation may lead
to sealing of unstable plaque with neointimal prolifera-
tion. Similar changes in plaque color have also been
reported with lipid-lowering interventions (85). 

Safety and Limitations

The light source of angioscopy provides a high intensity
but “cold” light (low infrared content) to avoid thermal
damage to the illuminated vessel wall. On the other hand,
mechanical designs of the angioscope and its delivery
catheter can significantly affect the safety profile of this
invasive imaging tool. To date, several complications have
been reported, related to the occlusion cuff of the delivery
catheter or transient ischemia owing to flow obstruction
during imaging. Another complication is so-called wire-
trapping caused by a loop formation of the guidewire
between the two monorail wire channels of a certain
angioscopy system. With the new over-the-wire system
with no occlusion cuff, one experienced group reported a

complication rate of �1% during 1,200 procedures, but no
comprehensive report of a large multicenter experience is
yet available. 

Despite recent technical advances, angioscopy is still
limited in evaluating small vessel segments or imaging
across tight stenoses. Also, at the presence of protruding
structures, only the proximal aspect of the target may be
visualized. Other technical limitations include its limited
capability to assess inner tissue structures and the subjec-
tivity of qualitative interpretation that potentially results
in relatively large intraobserver and/or interobserver vari-
ability.

Future Directions

One technical solution to the subjective color interpreta-
tion is a quantitative colorimetric analysis of angioscopic
images. In addition to the variability of human color per-
ception, hardware-induced chromatic distortions can occur
depending on angioscopic systems, individual catheters,
illuminating light settings, and spatial location of the
object within the view field. Quantitative colorimetric
methods can overcome these limitations, and excellent
measurement reproducibility with this technique has been
reported in experimental studies (86). 

Another interesting area in technical advancement may
be integration of the angioscope into other catheter-based
devices. The unique capability of angioscopy, particularly
in the detection of thrombus and yellow plaques, can com-
plement other imaging modalities and may enhance the
efficacy of a certain type of treatment modality, such as
thrombectomy catheters or devices for chronic total occlu-
sion (CTO).

OPTICAL COHERENCE TOMOGRAPHY

Optical coherence tomography (OCT) generates real-time
tomographic images from backscattered reflections of
infrared light. This use of optical echoes thus can be
regarded as an optical analog of IVUS. The greatest advan-
tage of this light-based imaging technology is its signifi-
cantly higher resolution (10 times or greater) than that of
conventional pulse-echo, ultrasound-based approaches.
The principal technology was developed and first described
by researchers at the Massachusetts Institute of Technology
in 1991 (87) and has been applied clinically in ophthal-
mology, dermatology, gastroenterology, and urology.

Imaging Systems and Procedures

The intravascular OCT imaging system consists of an optical
engine emitting and receiving infrared light signals; a
catheter interface unit including a motor drive; a fiberoptic
imaging catheter; and a computer processor and display con-
sole for system control, image reconstruction, and digital
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recording. The optical engine includes a super-luminescent
diode as a source of low coherent, infrared light, with a
wavelength of approximately 1,300 nm to minimize light
absorption by vessel wall and blood cell components (pro-
tein, water, hemoglobin, and lipids). The high propagation
speed of light requires OCT to use interferometric tech-
niques to determine the depth of the reflector. The emitted
light is thus split into a sample beam (that travels through
the imaging catheter to the scanning tissue and is reflected
back to the interferometer) and a reference beam (reflected
from a moving reference mirror whose distance within the
system is accurately known). When these beams are recom-
bined, positive interference occurs only when the two
paths are matched—only the tissue plane that corresponds
exactly to the reference arm length is recorded for image
reconstruction. The motion of the reference beam mirror
allows variable tissue depths to be interrogated, and rota-
tion of the imaging lens allows circumferential data to be
collected and passed to the processor for reconstruction of
a cross-sectional image. Pullback of the imaging lens
allows for a longitudinal scan. Current intravascular OCT
systems have an axial resolution of 10 to 12 
m and lateral
and out-of-plane resolution of 20 to 25 
m each at the
focus. Inverse or pseudocolor OCT images are displayed in
a real time format with video scanning rates of up to 30
frames per second. 

The imaging procedure of intravascular OCT is similar
to that of IVUS, except that (as in angioscopy) blood must
be displaced by saline or a contrast medium while imag-
ing. Technically, this is because the dominant mode of
signal attenuation in OCT is multiple scattering, so that
additional scattering by red blood cells results in very large
signal loss. 

At this point, only one company (LightLab Imaging
Inc., Westford, MA) has commercialized the intravascular
applications of OCT. This company produces dedicated
imaging wires and occlusion balloon catheters for
intravascular use. The 0.014-inch imaging wire with an
atraumatic spring mounted on its tip is inserted distally to
the occlusion balloon through the guidewire lumen.
During the imaging, blood flow is interrupted by inflating
the balloon with a modest amount of saline flush from its
distal flush exit ports. The balloon inflation is performed
at a low pressure to avoid unnecessary vessel stretching.
Since the original guidewire is exchanged for the image
wire, there is no guidewire artifact on the image plane. A
second research group in the Wellman Labs at Massachusetts
General Hospital uses custom-built OCT catheters modi-
fied from commercially available 3.2F mechanical IVUS
catheters by substituting an optical imaging core for the
IVUS core. With this approach, OCT images are acquired
during intermittent 8- to 10-mL saline flushes through the
guiding catheter. Since this design has a short guidewire
lumen at the distal portion of the catheter tip, the
guidewire is always seen by OCT as a point artifact with
shadowing.

Experimental Data

Several experimental studies have demonstrated that
intravascular OCT can reliably visualize the microstructure
(i.e., 10 to 50 micron, versus 150 to 200 micron for IVUS)
of normal and pathologic arteries. Typically, the media of
the vessel appears as a lower signal intensity band than the
intima and adventitia, giving a three-layered appearance
similar to that seen by IVUS. The higher resolution of
OCT, however, can often provide superior delineation of
each structure with visualization of internal and external
elastic membranes as separate thin high-intensity layers.
Fibrous plaques exhibit homogeneous, signal-rich (highly
backscattering) regions; lipid-rich plaques exhibit signal-
poor regions (lipid pools) with poorly defined borders and
overlying signal-rich bands (corresponding to fibrous
caps); and calcified plaque exhibits signal-poor regions
with sharply delineated upper and/or lower borders (Fig.
19.9; 88). Thus OCT has the advantage of being able to
image through calcium without shadowing, as seen with
IVUS. On the other hand, signal penetration through the
diseased arterial wall is generally more limited (no more
than 2 mm with current OCT devices), making it difficult
to investigate deeper portions of the artery or to track the
entire circumference of the media–adventitia interface
(Fig. 19.9).

The diagnostic accuracy of OCT for the above plaque
characterization criteria was confirmed by an ex vivo study
of 307 human atherosclerotic specimens including aorta,
carotid, and coronary arteries (88). Independent evalua-
tion by two OCT analysts demonstrated a sensitivity and
specificity of 71 to 79% and 97 to 98% for fibrous plaques;
90 to 94% and 90 to 92% for lipid-rich plaques; and 95 to
96% and 97% for fibrocalcific plaques, respectively (over-
all agreement versus histopathology, � � 0.83 to 0.84).
The interobserver and intraobserver reproducibility of OCT
assessment was also high (� values of 0.88 and 0.91,
respectively). In addition, ex vivo measurement of fibrous
cap thickness (�500 
m) showed a high degree of correla-
tion between OCT and histomorphometry (r � 0.91,
P � 0.0001).

One interesting approach by OCT to in-depth plaque
characterization is macrophage quantification in the fibrous
cap of atherosclerotic plaques. This signal-processing tech-
nique is based on the hypothesis that macrophage-infiltrated
caps may have a higher heterogeneity of optical index of
refraction, exhibiting stronger optical scattering with a
higher signal variance than less infiltrated fibrous caps
(Fig. 19.10). In an ex vivo study of 26 lipid-rich atheroscle-
rotic arterial segments, Tearney and colleagues (89) com-
pared the standard deviation of the OCT signal intensity
with cap macrophage density quantified by immunohisto-
chemistry. Prior to the computation, background and
speckle noises were filtered out, and the standard devia-
tion was normalized by the maximum and minimum
OCT signals in the image. There was a high degree of
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positive correlation between OCT and histologic mea-
surements of fibrous cap macrophage density ( r � 0.84,
P � 0.0001). A range of OCT signal standard deviation
thresholds (6.15% to 6.35%) yielded 100% sensitivity
and specificity for identifying caps containing �10%

CD68 staining. Although direct visualization of individual
mononuclear macrophages is limited with current intravas-
cular OCT devices, advanced image-processing algorithms
as shown in this study may be of great utility in the assess-
ment of plaque instability.
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Figure 19.9 OCT images (top) and corresponding histology (bottom) for fibrous (A), lipid-rich (B),
and calcific (C) plaques. In fibrous plaques, the OCT signal is observed to be strong and homoge-
nous. In comparison, both lipid-rich (Lp) and calcific (Ca) regions appear as a signal-poor region
within the vessel wall. Lipid-rich plaques have diffuse or poorly demarcated borders, whereas the
borders of calcific nodules are sharply delineated. (Histologic stainings: Movat Pentachrome,
Masson trichromed, and hematoxylin and eosin from left to right; original magnification 40�).
(Courtesy of Bouma BE, Jang IK, and Tearney GJ.) (See Color Plate)

Figure 19.10 Raw OCT images (top) and corresponding histology (CD68 immunoperoxidase;
original magnification 100�, bottom) of a fibroatheroma with a low macrophage density within the
fibrous cap (A); and a fibroatheroma with a high macrophage density within the fibrous cap (B).
(Tearney GJ, et al. Circulation 2003;107:113–119.) (See Color Plate)



Clinical Experience

Although in vivo experience in intravascular OCT is still
limited, several single-center studies have demonstrated
promising results of coronary imaging in clinical settings.
In the first coronary OCT study in humans reported by
Jang and colleagues (90), 17 coronary segments in 10
patients were imaged with 3.2F OCT catheters (modified
IVUS catheters) during intermittent saline flushes through
the guiding catheter. The duration of clear OCT imaging
after each saline purge was approximately 2 seconds, and
all patients tolerated the procedure well without complica-
tions. The maximum penetration depth of OCT imaging
measured 1.25 mm versus 5 mm for IVUS. In vivo axial
resolutions, determined by measuring the full-width half-
maximum of the first derivative of a single axial reflectance
scan at the surface of the tissue, were 13  3 
m with OCT
versus 98  19 
m with IVUS. All fibrous plaques, macro-
calcifications, and echolucent regions identified by IVUS
were visualized in corresponding OCT images. However,
intimal hyperplasia and echolucent regions, which may
correspond to lipid pools, were identified more frequently
by OCT than by IVUS.

In addition, recent clinical reports by the same investi-
gator group showed that intravascular OCT had detected
lipid-rich plaques and thrombus more frequently in
acute myocardial infarction or unstable angina than in
stable angina lesions (91). Similar feasibility results
were also reported by other investigator groups using a
different OCT system with dedicated catheters and image
wires (a 3.7F monorail flush catheter with the image wire
integrated into a saline flush lumen). In a pilot series of 16
patients scheduled for percutaneous coronary intervention,
preinterventional OCT imaging with motorized pullback

was successfully performed and well tolerated in all patients
(92). Two plaques showed inhomogeneous, low-reflecting
areas (necrotic cores) covered by highly backscattering
fibrous caps with a thickness of 45 and 50 
m.

Encouraging preliminary results were reported in the
assessment of coronary interventions as well. Using 3.0 or
3.2F modified imaging catheters, Bouma and colleagues
(93) successfully imaged 42 coronary lesions before and
immediately after stenting. In this series, OCT detected dis-
sections, instent tissue prolapse, and incomplete stent
apposition more often than IVUS. With a dedicated OCT
catheter, Grube and colleagues (94) also reported a follow-
up OCT examination 6 months after drug-eluting stent
implantation for the treatment of instent restenosis. The
high resolution of OCT allowed clear visualization of the
overlapped stents (stent-in-stent), distinctly identifying
each stent strut as well as a very thin neointimal layer cov-
ering the drug-eluting stent struts (Fig. 19.11). Although
exact clinical impact of intravascular OCT needs to be sys-
tematically evaluated, these preliminary reports confirmed
that this new imaging technology has the potential to pro-
vide a new level of anatomic detail not only as a research
technique but also as a clinical tool, particularly for evalu-
ation of vulnerable plaque.

Safety and Limitations

Because the biologic safety of applied energies in OCT has
been well established in other medical fields, potential
issues predominantly derive from the mechanical designs
of intravascular devices (imaging catheters and saline
delivery system) and transient ischemia during coronary
imaging. Although preliminary clinical experience suggests
equivalent safety properties of intravascular OCT to early
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Figure 19.11 Follow-up OCT images of drug-eluting stents for de novo (A) and instent resteno-
sis (B) lesions. The high resolution of OCT allows clear visualization of the stents, distinctly identify-
ing each stent strut as well as a very thin neointimal layer covering the drug-eluting stent struts.
(Courtesy of Grube E, and LightLab Imaging, Inc.) (See Color Plate)



IVUS or angioscopy systems, large multicenter registries are
required to determine the exact incidence and severity of
possible complications in various clinical settings. 

At present, the major technical limitations of intravascu-
lar OCT are significant blood interference and shallow sig-
nal penetration through vessel walls. Thus, current in vivo
imaging requires the displacement of blood from the
imaging field and is restricted to the visualization of super-
ficial vessel structures. 

Future Directions

Several image improvement methods are being investi-
gated, including index matching (to improve imaging
through blood; 95) and frequency domain imaging (to
increase the acquisition rate and radial scan range). Other
technical enhancements currently being explored consist of
various signal processing techniques to provide additional
biochemical or functional information to the structural
details of OCT. Spectroscopic analysis uses a spectrum of
the infrared light reflected from the structures and color
codes the information on the tomographic images, provid-
ing insights into the biochemical contents of the tissue.
Polarization analysis, measuring the degree of birefringence
in the tissue, may also be helpful in plaque component dis-
crimination, since regions with highly oriented fibrous or

smooth muscle cell components are more sensitive to the
polarity of the imaging light than degenerated atheroma-
tous regions with randomly oriented cells. OCT Doppler
and elastography are analogous to those of ultrasound-
based approaches but may offer improved sensitivity,
owing to its higher resolution and contrast. In addition, vis-
coelasticity of the structure may be accurately assessed
based on its intrinsic properties using laser speckle analysis. 

SPECTROSCOPY

Spectroscopy determines the chemical composition of
plaque substances, based on the analysis of spectra induced
by interaction of electromagnetic radiation, or light, with
the tissue materials. To date, several forms of photonic
spectroscopy have been adapted for characterization of
atherosclerotic plaques, including diffuse reflectance near-
infrared (NIR), Raman, and fluorescence spectroscopy.
When tissues are exposed to a light beam containing a
broad mixture (spectrum) of wavelengths, wavelengths
absorbed by the illuminated molecules will be missing
from the spectrum of the original light after it has traversed
the tissue. Diffuse reflectance NIR spectroscopy analyzes the
amount of this absorbance as a function of wavelengths
within the NIR window (700 to 2,500 nm; Fig. 19.12). On
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Figure 19.12 Diffuse reflectance NIR spectroscopy. Differences in individual chemical compo-
nent spectra drive differences in the spectra of tissue samples, as shown on this diagram. The top 2
spectra are repeated measurements of a single normal sample, and middle 2 spectra are repeated
measurements of a plaque. The cholesterol peak adds an additional feature to the plaque spectrum.
Consequently, different tissue types can be recognized by examining these spectral patterns.
(Courtesy of Muller JE, and InfraReDx, Inc.) (See Color Plate)



the other hand, Raman spectroscopy uses a light beam of a
single wavelength and monitors shifts in wavelength as
some of the incident photons interact with the molecules
so as to gain or lose energy (i.e., shift in wavelength).
Raman spectroscopy measures this inelastic scattering, or
so-called Raman scattering, since it contains unique
information on the substance with which the photons
interacted. Under a certain condition, the photons can
excite molecules to a higher energy level, the decay from
which releases the energy difference in the form of light.
Fluorescence spectroscopy uses photoluminescence or lumi-
nescent emission to identify the properties of the tissue
being illuminated. Each technique has shown promising
ex vivo results and is under active investigation for in vivo
coronary applications.

Imaging Systems and Procedures

Like other light-based diagnostic techniques, the devel-
opment of a catheter-based spectroscopy system for per-
cutaneous coronary applications faces several technical
challenges in terms of rapid signal acquisition with ade-
quate signal-to-noise ratio and tissue penetration through
blood. At present, one coronary catheter system has been
successfully developed for in vivo diffuse reflectance NIR
spectroscopy and is under clinical evaluation for commer-
cial use (InfraReDx, Inc., Cambridge, MA). The 3.2F NIR
catheter contains fiberoptic bundles for delivery and col-
lection of light within a protective outer sheath. The latest
generation catheter in a rapid-exchange design can be
advanced to the coronary segment of interest using a stan-
dard interventional technique. The catheter directs the
light to the vessel wall with a mirror located at the tip to
acquire spectra within 20 milliseconds through flowing
blood. This configuration allows not only a circumferential
data collection but also a complete longitudinal scan of
the target segment using controlled pullback of the probe.
The collected light is analyzed by a spectrometer; using a
diagnostic algorithm, the processed data are color coded
and displayed in a grid pattern with the spatial (circumfer-
ential and longitudinal) information.

Although further improvement is still required prior to
clinical testing, a miniaturized fiberoptic probe with a
real-time analysis system has been developed for future
intravascular application of Raman spectroscopy as well.
The probe (Visionex, Atlanta, GA) consists of a central
fiber (core diameter: 400 
m) for laser delivery and seven
collection fibers (core diameter: 300 
m) around the cen-
tral fiber. Both fibers have a dielectric filter to block the
Raman signal generated by the fiber material. The system
uses an 830-nm diode laser (Process Instruments Diode
Laser, Salt Lake City, Utah) as a light source, and spectra
acquisition times were reported to be 3 to 5 seconds for
reliable detection of cholesterol and 1 second for calcium
in an ex vivo setting. Although this prototype is a forward-
viewing system, other investigators are also developing

side-viewing catheter probes suitable for intravascular
Raman scattering or fluorescence measurements.

Experimental Data

Over the past decade, a number of experimental studies
have reported the ability of biospectroscopy (reflectance,
Raman, and fluorescence) to identify the basic chemical
components of atherosclerotic plaques in animal models
or human arterial samples (Fig. 19.12). Particularly, inten-
sive efforts are now focused on the characterization of the
specific features of plaque vulnerability. Using diffuse
reflectance NIR spectroscopy, Moreno and colleagues (96)
recently examined 199 human aortic samples and com-
pared the findings with corresponding histology. A diag-
nostic algorithm was constructed with 50% of the samples
used as a reference set; blinded predictions of plaque com-
position were then performed on the remaining samples.
The sensitivity and specificity of NIR spectroscopy for his-
tologic plaque vulnerability were 90% and 93% for lipid
pool, 77% and 93% for thin fibrous cap (�65 
m), and
84% and 89% for inflammatory cell infiltration, respec-
tively. Similar promising results of NIR spectroscopy to
identify lipid-rich plaques have been reported in human
carotid endoatherectomy (97) and coronary autopsy
specimens (98) as well. Whereas these ex vivo studies
were performed in a blood-free laboratory setup, a recent
in vivo study using a 1.5-mm fiber-bundle NIR catheter
system also showed the feasibility of intravascular NIR
spectroscopy through blood (99). In this rabbit aortic
model, the catheter-based system identified lipid areas
�0.75 mm2 with 78% sensitivity and 75% specificity.

Although Raman spectroscopy has a theoretical advan-
tage in direct quantification of individual plaque compo-
nents, only a small percentage of photons are recruited into
the Raman shift, resulting in a low signal-to-noise ratio and
poor tissue penetration. However, recent exclusive use of
the NIR wavelength laser (750 to 850 
m), coupled with
enhanced CCD array cameras, could significantly improve
the signal-to-noise ratio. In addition, mathematical tools
have been developed to separate the contribution of back-
ground fluorescence in the Raman spectrum. In an ex vivo
study of human coronary specimens, Romer and col-
leagues also demonstrated that a tissue layer of 300 
m
attenuates the Raman cholesterol signals by 50% at 850
nm excitation (100), indicating that a lipid core up to 1 to
1.5 mm from the lumen could still be detected with this
technique. Accordingly, the first in vivo application of
catheter-based, intravascular Raman spectroscopy was
demonstrated by Buschman and colleagues (101). This
experimental study showed that the in vivo intravascular
Raman signal obtained from an aorta was a simple sum-
mation of signal contributions of the vessel wall and
blood.

On the other hand, the strong fluorescence of arterial
tissue is a potential advantage of fluorescence spectroscopy
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over Raman analysis, permitting good signal-to-noise ratio
with rapid spectra acquisition. Nevertheless, the encourag-
ing ex vivo studies with fluorescence spectroscopy have
not been translated into successful in vivo applications of
this technique. This is in part owing to the significant
spectra attenuation and distortion by the interplay of
absorption and scattering at the presence of hemoglobin.
Recently, a combined approach using fluorescence and
diffuse reflectance spectroscopy has been proposed to min-
imize this technical limitation.

Safety and Limitations

At present, no published clinical experience is available in
intravascular spectroscopy. In a swine coronary model,
however, a prototype over-the-wire 3.2F NIR catheter sys-
tem showed no evidence of vessel wall injury, including
dissection, thrombus, and perforation, in any of the
coronary vessels studied. The second-generation, rapid-
exchange NIR catheter is currently under Phase I clinical
evaluation.

Spectroscopic techniques provide no anatomical or
depth information. Another important limitation is the
relatively long acquisition time, resulting in substantial
motion artifact in clinical settings. The second-generation
NIR system, however, achieved a significantly shorter
acquisition time (20 milliseconds) that is sufficient for
intravascular use.

Future Directions

A catheter-based spectroscopy device combined with
another structural imaging modality, such as IVUS or OCT,
may allow comprehensive plaque evaluation by providing
both chemical and anatomical information. The theoreti-
cal synergy of these two different modalities was demon-
strated in an ex vivo human coronary study by Romer and
colleagues (102). Although the spectroscopic and IVUS
data were collected separately, Raman spectroscopy accu-
rately identified and quantified cholesterol and small cal-
cium deposits that were not detected by IVUS. Other inves-
tigators also reported a combined side-viewing Raman and
IVUS experiment in a transluminal ex vivo setup (103).
Current efforts are aimed at the simultaneous acquisition
of IVUS images and Raman spectra through an integrated
IVUS/Raman spectroscopic side-viewing catheter.

Another interesting attempt is to use diffuse reflectance
NIR spectroscopy for in situ measurement of tissue pH or
lactate concentration in atherosclerotic plaques. These
metabolic parameters may indicate the activity of macro-
phages and other inflammatory cells, offering additional
functional measures of plaque vulnerability. The feasibility
of this technique has been demonstrated in an ex vivo
study using human carotid endoatherectomy specimens
(104), and further technical refinements are awaited for the
clinical applications. 

INTRAVASCULAR THERMOGRAPHY

The concept of plaque temperature measurement as a
marker of local inflammation process was originally pro-
posed by Casscells and colleagues (105), using human
carotid endoatherectomy specimens. In this ex vivo study
with a needle thermistor, intimal surface temperature cor-
related positively with cell density (mostly macrophages)
and inversely with the distance of the cell clusters from the
luminal surface. This is clinically important because a
dense infiltration by active macrophages can destabilize
plaque by secretion of cytokines, growth factors, or matrix
metalloproteinases (MMP), ultimately leading to plaque
rupture or erosion. Accordingly, several catheter-based
devices have been developed for in vivo temperature mea-
surement of human coronary arteries.

Imaging Systems and Procedures

The local temperature of the vessel wall can be assessed by
two approaches: thermocouple-based and infrared-based
measurements. The first approach incorporates a single or
multiple thermal sensor(s) at the catheter tip and requires
the contact of the thermal sensor(s) on the vessel wall. To
date, several designs have been proposed to achieve this
contact and have been tested in clinical studies. One sys-
tem (Medispes SW A.G., Zug, Switzerland) has a single
thermistor at the distal end of a 3F rapid-exchange
polyurethane shaft (4F at the thermistor level). On the back
of the thermistor, a specially designed hydrofoil is embed-
ded so that the bloodstream drives the thermistor against
the vessel wall. The same investigator group also developed
a similar temperature probe but with a noncompliant semi-
balloon, instead of the hydrofoil to minimize the cooling
artifact by coronary blood flow. Two other systems have
multiple sensors on a self-expanding nitinol five-wire bas-
ket (Volcano Therapeutics, Inc., Rancho Cordova, CA) or
four self-expanding nitinol arms (Thermocore Medical Ltd.,
Guildford, UK) for the vessel wall contact, allowing simul-
taneous, circumferential temperature acquisitions. These
over-the-wire systems have a protective outer sheath to
expand/close the temperature sensing assembly. Using
automated pullback, both systems can display a longitudi-
nal color-coded thermal map of the studied vessel. Other
investigators embedded a thermocouple in the most distal
end of a 0.014-inch guidewire (Imetrx, Mountain View,
CA). The wire tip is preshaped into a gentle angle, causing
the thermosensitive tip of the wire to contact the vessel
wall. A motor drive unit is designed for a combination of
rotation and pullback motions so that the sensor tip travels
a spiral path along the vessel wall.

A second approach uses an infrared fiberoptic catheter
provides thermal imaging without direct vessel wall con-
tact. The 4F prototype side-viewing catheter has 19
chalcogenide fibers with a wedge-shaped mirror at the
tip. The heat reflected from the vessel wall is detected by
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a focal plane array cooled infrared camera connected to
the proximal end of the imaging catheter, generating
real-time color-coded thermographic images of the
lumen. This system is still in an ex vivo testing phase but
may have the potential for less invasive intravascular
thermography.

Experimental Data

The feasibility of intravascular thermography for the in
vivo assessment of local inflammatory foci has been vali-
dated in a rabbit aortic model. Using a thermography
catheter with the self-expanding arm design, Verheye and
colleagues (106) demonstrated that temperature hetero-
geneity was not present in the aortic segments of normal
rabbits. In contrast, the aortic segments of hypercholes-
terolemic rabbits showed significant temperature hetero-
geneity (up to �1	C) that was associated with increased
plaque thickness as assessed by IVUS. After 3 months of
dietary cholesterol lowering, however, this temperature
heterogeneity significantly decreased while the plaque
thickness remained unchanged. Importantly, the reduced
temperature heterogeneity paralleled the changes in plaque
histology, which showed a marked loss of macrophages.
Additional ex vivo experiments of the samples confirmed
the positive relation between the local temperature and the
local total macrophage mass.

Clinical Experience

The first clinical study with intravascular thermography
was reported by Stefanadis and colleagues (107) in 1999,
in which temperature difference between atherosclerotic
plaques and the adjacent healthy vessel wall increased
progressively from control subjects to patients with sta-
ble angina, unstable angina, and acute myocardial infarc-
tion (mean difference: 0.004  0.009	C, 0.106  0.110	C,
0.683  0.347	C, and 1.472  0.691	C, respectively). This
study also showed significant intraplaque temperature het-
erogeneity, particularly in patients with unstable angina
and acute myocardial infarction. In addition, there were
significant positive correlations between the temperature
difference and local morphologic (positive remodeling as
assessed by IVUS) and systemic markers (C-reactive pro-
tein, serum amyloid A, and serum MMP-9 levels) of poten-
tial plaque vulnerability as well (108–110). A recent clinical
study by Akasaka and colleagues (111) directly confirmed
the initial preclinical observations by demonstrating a sig-
nificant correlation of in vivo temperature data with corre-
sponding histopathology (macrophage density) of the
coronary specimens obtained by DCA. 

Importantly, increased local temperature in atheroscle-
rotic plaques may also have a strong impact on clinical
outcomes of PCI. In a prospective series of 86 successful
PCI patients (82 were treated with stenting), the tempera-
ture difference (�T) was shown as a strong predictor of

adverse cardiac events (odds ratio 2.14, P � 0.043) during
the follow-up period (18  7 months; 112). The incidence
of adverse cardiac events in patients with �T �0.5	C was
41%, as compared with 7% in patients with �T �0.5	C
(P � 0.001). Another study showed that the administra-
tion of statins was associated with decreased �T in patients
with coronary artery disease (113). In this series, the �T
did not correlate with the cholesterol level at hospital
admission, possibly suggesting a direct anti-inflamma-
tory effect of statins. Although the clinical impact of this
finding remains to be investigated, in vivo plaque tem-
perature measurement may be useful not only for risk
stratification but also as a surrogate end point of thera-
peutic interventions.

Safety and Limitations

The intravascular thermography devices are still under clin-
ical evaluation, and at present, no acute or short-term
adverse safety issues have been reported. One important
concern is, however, possible vessel wall injury owing to
the direct contact of the thermocouple-based devices. A
recent animal study of pig coronary arteries evaluated
endothelial damages by a thermography catheter with the
self-expanding arm design, using Evans blue, scanning
electron microscopy (SEM), and factor VIII antibody (114).
Intracoronary pullback of the catheter was associated with
acute and partial de-endothelialization, which normalized
within 2 weeks and paralleled the findings observed with a
standard IVUS catheter. It remains to be seen whether these
favorable observations can be extrapolated to vulnerable
plaques for which this technique was originally designed.

Another technical consideration is the potential influ-
ence of coronary flow on measured temperature. Using a
bench-top model of a focal, eccentric, heat-generating
lesion and a guidewire-based thermography system,
Courtney and colleagues (115) demonstrated that the mea-
sured temperature increased linearly with source tempera-
ture and decreased with flow rates by an exponent of
�0.33 (P � 0.001 for both). This “cooling effect” of blood
flow has also been shown by several other investigators in
both experimental and clinical settings, although the
reported effects significantly differed in degree (114,116). It
could explain the lack of heterogeneity in plaque tempera-
ture in recent studies using nonocclusive thermography
catheters and will likely limit the diagnostic potential of
thermography.

Future Directions

Similar to the spectroscopic techniques, intravascular
thermography provides no anatomical information.
Thus, combining thermography with other structural
imaging techniques may offer an attractive synergy of
metabolic and anatomic predictors of plaque vulnerability.
Several investigators are currently developing integrated
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thermography/IVUS catheters, providing a real-time color-
coded thermal map on the IVUS image (Fig. 19.13). This
approach may also allow additional functional informa-
tion by incorporating new ultrasound-based signal analy-
sis techniques, such as intravascular elastography.

INTRAVASCULAR MR IMAGING

Magnetic resonance imaging (MRI) is capable of providing
both anatomical and compositional information on soft
tissues, which makes it unique among all other imaging
modalities. In the cardiovascular field, several investigators
have shown that standard noninvasive MRI techniques can
identify and characterize atherosclerotic lesions in humans
and animal models. However, this plaque component
characterization is currently limited to relatively large or
superficial arteries, such as the aorta and carotid arteries,
owing to the significant falloff of signal-to-noise ratio in
deeper artery imaging by the external coil. One possible
solution to this limitation is the placement of a MRI probe
within the artery, allowing a high signal-to-noise ratio at
the level of the artery wall. Accordingly, several intravascu-
lar MRI probes have been developed, each demonstrating
improved resolution over external coils for in vivo imaging
of atherosclerotic lesions.

Imaging Systems and Procedures

The most common approach to intravascular MRI is a com-
bination of an intravascular receiver coil and an external MRI

scanner. One company (Surgi-Vision, Inc., N. Chelmsford,
MA) is commercializing a 0.030-inch intravascular MRI
coil for peripheral imaging. This wire-based device is made
from nitinol tubing with mechanical properties similar to
standard stainless steel guidewires. The device is used in
conjunction with an existing standard MRI scanner to
image midsize vessels such as the renal arteries. For inte-
gration of the imaging wire with interventional proce-
dures, a 0.014-inch intravascular MRI coil is also being
developed.

Another company (Magna-Laboratory, Inc., Syosset, NY)
is planning to release a 4.3F intravascular MRI probe with a
single-loop receiver coil design. The device includes a
lumen for a 0.014-inch guidewire and can be positioned
using a standard interventional technique. In a preclinical
rabbit study using a 1.5-tesla MRI system, the intravascular
coil allowed aortic images to be obtained with 156 � 156 
m
in-plane resolution (versus 352 � 352 
m with a standard
external phased array coil; 117). No significant motion arti-
facts were noted, despite the continuation of arterial blood
flow during image acquisition.

Experimental Data

Several experimental studies have confirmed the ability of
intravascular MRI coils to accurately identify and quantify
components of complex atherosclerotic plaques. In an
early study using a 5F receiver coil with a 1.5-tesla scanner,
Correia and colleagues (118) investigated 11 thoracic human
aortas obtained at autopsy. In this study, the arterial wall
composition analysis was performed using T2-weighted
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Figure 19.13 Intravascular thermogra-
phy with an integrated thermography/IVUS
catheter. The system displays a longitudinal
color-coded thermal map of the studied ves-
sel, superimposed on the lumen border of
the IVUS image (top). (Courtesy of Akasaka
T, and Terumo Corp.) (See Color Plate)



images, on which thickened intima, fibrous cap, and aortic
adventitia showed low signal intensities, while the necrotic
core and aortic media appeared bright. The intravascular
MRI showed an agreement of 80% with histopathology in
intimal thickness, 75% in fibrous cap grading, and 74% in
necrotic core grading.

Zimmermann-Paul and colleagues used heritable hyper-
lipidemic rabbits to evaluate the feasibility of intravascular
MRI in the study of atherosclerotic plaque progression
(119). The MRI was performed using an intravascular coil
consisting of a single-loop copper wire integrated in a 5F
balloon catheter and a 1.5-tesla scanner, allowing an in-
plane resolution of 117 � 156 
m. In this study, the pro-
gression of atherosclerotic changes over time was clearly
visible. A good correlation was observed between the histo-
logic AHA plaque characterization and MRI classifications,
with an overall agreement of 88%. 

More recently, in a study of human carotid endoatherec-
tomy specimens, Rogers and colleagues (120) demon-
strated a standard 0.5-tesla scanner could still achieve a
reasonable degree of resolution (156 � 250 
m) with a 5F
intravascular MRI coil. This study also suggested that var-
ious pulse sequences (magnetization transfer contrast,
inversion recovery, and gradient echo sequences) taking
advantage of differences in biochemical structure of indi-
vidual plaque components may provide a more efficient
method of MRI plaque characterization, compared with
the conventional determination of absolute T1 and T2
values.

Safety and Limitations

Current intravascular MRI probes still require technical
improvements for clinical coronary applications, and
therefore, no comprehensive safety report is available at
this point. Except for the guidewire-based design, most
prototypes are 4 to 5F in diameter, which are not opti-
mized for small-caliber arteries or lesions with significant
stenosis. Another theoretical safety issue is possible heat
generation during the imaging. Inserted metallic objects
have the potential to couple with the transmitting
radiofrequency coil and amplify the electric field in their
vicinity, which results in radiofrequency heating of the
surrounding tissue. However, a recent experimental study
using a guidewire-based intravascular MRI in a rabbit
model showed no abnormal changes of the coagulation
factors, clinical manifestations of blood coagulation dis-
orders, or histopathologic thermal damage in target ves-
sels (121).

Other technical limitations include limited axial resolu-
tions for thin fibrous cap detection, possible motion arti-
fact owing to a long acquisition time, reduced image quality
when the catheter coil moves off-axis from the external
magnet field, and the requirement of an external scanner
and MRI-compatible equipment in the catheterization
laboratory.

Future Directions

Efforts are ongoing to develop more effective and user-
friendly systems and to enhance the image-processing soft-
ware. Rivas and colleagues (122) reported their real-time
intravascular MRI system designed to overcome the artifact
originating from the catheter and cardiac motion during
the intravascular imaging. In a continuous flow phantom
and in vivo in the rabbit aorta, the real-time intravascular
imaging sequence achieved 120 to 440 
m resolutions at
up to 16 frames per second. Other investigators (TopSpin
Medical, Lod, Israel) have developed an intravascular MRI
probe incorporating both magnets and coils within the
catheter tip, permitting stand-alone catheter-based imag-
ing with no external MRI scanner. The system is specifically
designed for tissue characterization (lipid, fibrous tissue,
and thrombi of varying ages), rather than simple anatomic
imaging. The prototype providing a color-coded tissue
component map is currently under phase 1 clinical evalua-
tion. Finally, the combined use of targeting contrast agents,
such as super paramagnetic iron oxide (SPIO), may further
enhance the efficacy of intravascular MRI in the functional
assessment of vulnerable plaques.
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Heart muscle disorders remain one of the most poorly
understood areas in cardiology. Although right heart
catheterization can define the severity of congestion,
depression of cardiac output, and response to therapy, and
left heart catheterization and angiography can identify
some specific causes of heart failure (e.g., coronary artery,
valvular or pericardial disease), more than half of the
patients presenting with new onset heart failure remain
classified as idiopathic. It stands to reason that myocardial
biopsy should allow more precise characterization of the
underlying primary myocardial pathology in such patients,
provide prognostic guidance, and monitor therapy. In
reality, however, these benefits have been established for
relatively few myocardial pathologies (such as transplant
rejection and doxorubicin toxicity). But as more precise
molecular and genetic analysis are now applied to myocar-
dial biopsy specimens (beyond the standard histologic,
immunohistochemical, and electron microscopic analysis
currently available), the prognostic value of myocardial
biopsy should improve. This chapter will thus review the
history of endomyocardial biopsy, available devices,
biopsy techniques and complications, guidance for post
procedure care, and indications for endomyocardial biopsy
in the current era, tools, and techniques for obtaining and
analyzing myocardial biopsy specimens. 

HISTORICAL APPROACHES

In 1958, Weinberg, Fell, and Lynfield (1) performed biop-
sies through an incision in the left intercostal space at the
costochondral junction. The pericardium was identified
after dissection of the cartilage and the pleura and partially
resected to allow an incisional biopsy of the epicardium

and myocardium. In reality, the pericardial biopsy was of
as much or greater value than myocardial biopsy revealing
inflammatory, tuberculosis, and traumatic causes of peri-
cardial constriction, but two of the patients displayed
myocardial pathology (lupus myocarditis and nonamyloid
restrictive heart disease). Because of the need for an open
incision and surgical extraction, however, this technique
was not widely adopted. 

In 1960, Sutton and Sutton (2) reported their experi-
ence with percutaneous heart biopsy performed at the left
ventricular apex or peristernal region in the fifth intercostal
space, using a modified flexible thin walled Terry needle.
One hundred and fifty biopsies were performed in 54
patients with myocardial disease of unknown cause. With
this technique, 13 of 54 patients had inadequate speci-
mens for diagnosis, 13 of 54 had no abnormality, and 16
displayed nuclear enlargement and/or fibrosis compatible
with idiopathic cardiomyopathy. But 12 of the 54 patients
had specific etiologic findings including myocarditis, sar-
coidosis, rheumatic heart disease, and fibroelastosis. One
patient died 11 days after biopsy, and frequent ventricular
premature contractions were reported.

Timmis and colleagues (3) used a percutaneous Vim-
Silverman or Menghini needle in 20 dogs, using electrocar-
diographic monitoring via the needle to signal epicardial
contact. Whereas diagnostic material was obtained in
60.5% of the attempts, these animals developed signs and
symptoms suggestive of pneumothorax or hemoperi-
cardium, and most displayed an inflammatory pericarditis
within 2 weeks of the puncture. Even so, in 1972 Shirey
and colleagues (4) reported similar use of a Silverman nee-
dle to obtain specimens percutaneously from 198 patients
with heart disease, of whom 36% had primary myocardial
disease whereas the others had coronary or valvular heart



disease. The needle was inserted at the left ventricular apex
under fluoroscopy until premature beats and pulsation
through the needle indicated contact with the left ventricu-
lar wall. With the cannula held in position, the obturator
was replaced with a cutting stylet or cutting needle and the
elongated specimen obtained was then sectioned for
appropriate examination. Nearly all (192 of 198) of these
patients had tissue recovered, with half showing nonspe-
cific hypertrophy and interstitial fibrosis, 13% small vessel
disease, and the rest showing nonspecific basophilic degen-
eration, amyloidosis, rheumatic heart disease, or myocardi-
tis. The validity of the percutaneous biopsy was confirmed
in 11 patients who later died, allowing full postmortem
examination of the heart. Complications of this technique
included pericardial tamponade in eight and postpericar-
dioectomy syndrome in an additional four patients.

In 1965, Bulloch (5) introduced the concept of percuta-
neous insertion of a heart biopsy needle through the right
external or internal jugular vein to allow sampling of the
right interventricular septum. In this technique, cutting
blades were inserted through a 16-gauge, 50-cm-long
curved shaft positioned in the right ventricle through a
large-bore radiopaque catheter. Although this techniques is
no longer used, it established several principles that are still
used today: (1) percutaneous access, (2) use of the right
internal jugular vein, (3) definition of right heart boundaries
by right heart catheterization before an endomyocardial
attempt, (4) rotation of the curved biopsy sheath counter-
clockwise (anteriorly) to avoid the coronary sinus or tricus-
pid valve, and (5) advancing the tip of the biopsy forceps
toward the interventricular septum (posterior medially).
Although the 20 human specimens revealed no specific diag-
nosis, the authors reported no serious complications. 

The Konno biopsy techniques were introduced by
Sakakibara and Konno (6). Their original device consisted
of a 100-cm shaft equipped at its tip with two sharpened
cups (diameter either 2.5 or 3.5 mm). The cups were
opened and closed under the control of a single wire, acti-
vated by a sliding assembly attached to the proximal end of
the catheter. This flexible bioptome thus allowed endomy-
ocardial sampling by pinching rather than advancement of
a cutting needle. The authors demonstrated the relative
ease of the obtaining samples in five patients, with estab-
lishment of a specific diagnosis in three. Because of the
large size of the catheter head, however, it was usually
introduced by a cutdown technique through a large vein or
artery. The Konno bioptome is currently used infrequently
because of its relatively large size, stiff shaft, and lack of
durability with repeated usage (7,8). 

In 1972, Caves modified the Konno biopsy for use
through the right internal jugular vein (9,10). This modifica-
tion allowed the bioptome to be inserted percutaneously, but
the large diameter of the bioptome head required use of a
large (nonvalved) sheath that placed the patient at risk for
bleeding or air embolization at the time of bioptome inser-
tion or removal. The technique did allow several advantages

including percutaneous insertion, use of local anesthetic
allowing minimal discomfort to the patient, rapid perfor-
mance, direct passage of the bioptome to the right ventricular
apex, and repeated entry and exit through the same sheath.

Caves (11) subsequently introduced the Stanford modi-
fication to the previous Konno Bioptome (Fig. 20.1). The
Stanford (or Caves-Shulz) bioptome served as the industry
standard from approximately 1975 to 1995 (12). It was
50 cm long and had a moderately flexible coil shaft fabri-
cated from stainless steel wire coated by a clear plastic tubing
(Scholten Surgical Supply, Palo Alto, CA). Two hemispheric
cutting jaws with a combined diameter of 3 mm (9 French)
were mounted on the catheter tip. One of the jaws remained
stationary while the other opened and closed under the
control of a mosquitolike clamp at the proximal end of
the catheter. The degree of curvature of the bioptome
could be modified between 45 and 90	 by preshaping
the shaft and adjusting the degree of closure of the handle
ratchet mechanism. Spring-loaded adjustable nuts allowed
the operator to adjust the amount of force applied with
opening and closing of the surgical-like clamp. Because this
bioptome was reusable, it required careful cleaning after
each use and ultimately the need for retooling and sharpen-
ing of the cutting edges of the jaws after 50 procedures.

Richardson (13) of Kings College Hospital in London
introduced a smaller-diameter (1.8-mm) bioptome in
1974 that was more flexible and could be inserted percu-
taneously into jugular, femoral, or even subclavian veins.
In 1977, Kawai and Kitaura designed a bioptome with a
more flexible tip controlled by rotation of a knob on the
operating handle (7,8; Fig. 20.2). A modification of this
bioptome allowed intracardiac electrocardiographic mon-
itoring (1980). Although the bioptome allowed easy
maneuverability through the vasculature and across the
tricuspid or aortic valve, the flexible tip required a stylet to
be advanced into the bioptome shaft before an endomy-
ocardial biopsy could be performed.
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Figure 20.1 Stanford (Caves-Schulz) bioptome. The surgical
clamp drives a control wire to which it is connected via two
adjustable nuts, thereby controlling the position of the single
mobile jaw at the distal end of the catheter.



MODERN BIOPTOMES

Currently, biopsy forceps draw heavily on the early instru-
ments described above. They are, however, single-use and
disposable devices that eliminate the risk of patient-to-
patient disease transmission, pyrogen reaction, need for
retooling and resharpening of the cutting edges, and
mechanical malfunction sometimes seen in the earlier
reusable devices. They follow either a preshaped or flexible
(long-sheath) format (Fig. 20.3). 

The unshaped flexible bioptomes are inserted through a
preformed sheath that directs the head of the instrument
toward the desired portion of the right ventricular septum
or left ventricular wall. The preformed sheath is generally
advanced over an angled pigtail or balloon flotation

catheter and remains in the ventricular cavity throughout
the biopsy procedure. This increases the risk for ventricular
arrhythmia or perforation and reduces the operator control
of the site and direction of the bioptome’s path. 

In contrast, the preshaped bioptomes are introduced
through a short venous sheath and maneuvered as inde-
pendent catheters to access the right ventricle. They are
stiffer and allow greater control by the operator of the
course and direction of the instrument. The degree of cur-
vature of the preshaped bioptome can be modified by the
operator to suit the angulation required to traverse the tri-
cuspid valve. For the rare patient in whom the relatively
stiff preshaped bioptome fails to enter the right ventricle,
biopsy can still be performed by advancing a preformed
sheath into the ventricle over either a guidewire or a bal-
looned-tipped catheter. Disposable bioptomes and sheaths
are available for use from the right or left jugular vein, sub-
clavian vein, femoral vein, or femoral arteries and vary in
length, shape, jaw size, and diameter.

BIOPSY TECHNIQUE

Right ventricular heart biopsy can be performed percuta-
neously from the right internal jugular vein, left internal
jugular vein, right subclavian, and right or left femoral
veins. Left ventricular biopsy is usually performed from the
right or left femoral artery; however, it can be accom-
plished from the right or left brachial artery. The necessary
equipment is listed in Table 20.1.

Internal Jugular Access

Right ventricular endomyocardial biopsy procedures are
most commonly performed via the right internal jugular
vein. Patients usually fast for 8 hours prior to the procedure,
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Figure 20.3 The Olympus bioptome positioned through a mod-
ified Stanford biopsy sheath. (From Anderson JL, Marshall HW. The
femoral approach to endomyocardial biopsy: comparison with
internal jugular and transarterial approaches. Am J Cardiol 53: 833,
1984, with permission).

Figure 20.2 The Kawai flexible endomyocardial biopsy
catheter. (From Kawai C, Matsumori A, Kawamura K.
Myocardial biopsy. Ann Rev Med 31: 139, 1980, with
permission)

Cutting pincers Operating handle

Knob

Stylet



but sedative premedications are generally not required for
this outpatient procedure. Monitoring during the procedure
includes continuous electrocardiogram, pulse oximetry, and
blood pressure. For patients who are in decompensated heart
failure, continuous arterial pressure monitoring (using a
small-bore catheter or a commercially available noninva-
sive instrument) is recommended.

The patient’s head is turned 30 to 45	 to the left to facil-
itate evaluation and preparation of the venous cannulation
site. The internal jugular is located lateral to the carotid
artery, within the anterior triangle formed by the sternal and
clavicular head of the sternocleidomastoid muscle and top
of the clavicle (Fig. 20.4). These anatomical features can be
identified more easily by having the patient briefly lift his
or her head just off the table. Internal jugular venous can-
nulation should be attempted in the middle third of the
triangle outlined by the landmarks noted above. This
allows compression of venous or arterial structures should
bleeding persist after the procedure or if carotid artery
puncture occurs during the procedure. Additionally, this
higher location in the anterior triangle lessens the risk of
pneumothorax. If the location of the internal jugular vein
is not readily apparent, we routinely evaluate the neck vas-
culature echocardiographically, using a 7.5-MHz dedicated
sector scanner (Site Rite, Dynamax Corporation, Pittsburgh,

PA) or a conventional echo transducer encased in a sterile
sheath. The jugular vein can be distinguished from the
more medial carotid artery by location, the pulsatility of
the artery, and the compressibility of the vein (Fig. 20.5).
Use of echo guidance has been demonstrated to increase
the frequency of vein cannulation, decrease access time,
and decrease complication rates (14,15). 

After the patient’s landmarks have been identified, the
neck is prepared with a standard povidone-iodine and
alcohol preparation. The field is isolated using sterile tow-
els and/or plastic drapes. An ether screen or similarly fash-
ioned device can be used to isolate this area and to protect
the patient’s face from the drapes. Successful puncture of
the internal jugular is facilitated by distension of the
vein—in patients with low venous pressure or a small
internal jugular vein, this can be achieved by placing the
patient in a head-down Trendelenburg position, elevating
the legs on a wedge, or having the patient perform a
Valsalva maneuver during needle advancement.

A 25-gauge needle is used to apply a small interdermal
bleb of 2% Xylocaine at the site of planned sheath entry.
A 22-gauge needle is then used to anesthetize the area from
the superficial bleb toward the internal jugular vein. After the
area is successfully anesthetized, a small (2 mm) incision is
made at the superficial site of initial infiltration with a no. 11
surgical blade. The incision is then expanded with the tip of
a mosquito clamp to ensure that the skin will accommodate
the 7F venous sheath. In the classic approach, the 22-gauge
anesthesia needle is directed toward the anticipated venous
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EQUIPMENT FOR ENDOMYOCARDIAL BIOPSY
TABLE 20.1 

Continuous electrocardiographic monitor 
Automatic intermittent cutaneous or invasive blood pressure 

monitor
Continuous oxygen saturation monitor
Ether screen or drape support
Povidone-iodine, alcohol, or both
Plastic or cloth drape set
Two 20-mL syringes
One 10-mL syringe
One 25-, one 22-, and three or four 18-gauge needles 
250 mL of flush solution (with heparin)
18-gauge Amplatz needle or 22-gauge micropuncture needle
7, 8, or 9F self-sealing introducer with 0.038-inch guidewire 
Micropuncture wire, 0.021 inch
4 or 5F micropuncture sheath
No. 11 surgical blade and handle
Mosquito clamp or small-tipped instrument

Tissue preservative
Formalin
Glutaraldehyde
Dry ice

Lidocaine: 1 or 2%, 15 mL
Emergency equipment

Defibrillator
Pacemaker and wire
Pericardiocentesis set
Resuscitation drugs and equipment

From Baughman KL: History and Current Techniques of Endomyocardial
Biopsy. W. B. Saunders, Philadelphia, 2002 Fig. 25.1, p. 269.

Figure 20.4 Regional anatomy for internal jugular puncture.
With the patients head rotated to the left, the sternal notch, clavi-
cle, as well as the sternal and clavicular heads of the sternocleido-
mastold muscle are identified. A skin nick is made between the
two heads of this muscle, and two fingerbreadths above the top of
the clavicle (near the top of the anterior triangle). The needle is
inserted at an angle of 30-40 degrees from vertical, at 20-30
degrees right of saggital, aiming the needle away from the more
medially located carotid artery. 



pathway at an angle of approximately 30 to 40	 from vertical
and 20	 right of the sagittal plane and is advanced in small
increments, aspirating before infiltration of small amounts
of lidocaine to provide local anesthesia. Excess lidocaine
infiltration should be avoided, since it may result in
venous compression or infiltration of vocal cords or
carotid sheath resulting in transient hoarseness or Horner
syndrome.

Once venous blood is aspirated, indicating entry into
the internal jugular vein, the operator notes the position
and direction of the needle as a second 18-gauge single-
wall puncture needle with syringe is advanced parallel to
the “finder” needle. Continuous aspiration is applied as
the needle is advanced in small increments, particularly in
individuals with small internal jugular veins or low cen-
tral venous pressures. Usually the “give” of the vein wall
is palpable, even before blood return is evident. A J-tip
guidewire is then introduced, followed by the necessary
sheath.

If the initial attempts at venous entry are unsuccessful,
the probing needle is retracted to just beneath the skin
level and redirected more laterally. If venous return is still
not achieved, the needle may be directed more medially
(toward the plane of the carotid artery). Should arterial
puncture occur, the probing needle and syringe will fill
spontaneously with well-oxygenated blood, and the needle
must be removed and compressed for 5 minutes or until
hemostasis is obtained. As described above, this problem
can be avoided by using echo guidance when the initial
puncture attempt is unsuccessful.

An alternative approach that we now use routinely at 
the Brigham and Women’s Hospital is to use a 22-gauge
micropuncture needle (Fig. 20.6), as the deep anesthesia,
probing, and definitive entry device for internal jugular
vein cannulation. This needle is very atraumatic and
accepts a special 0.021-inch mandril guidewire over

which a special coaxial double dilator is advanced. Once
this has entered the jugular vein and superior vena cava,
the inner cannula and 0.021-inch guidewire are removed
and a conventional 0.038-inch guidewire is inserted through
the outer cannula. The cannula is then removed, and a 7 or
8 French self-sealing sheath is inserted over the guidewire.
This is facilitated by passing the wire from the superior
vena cava, across the right atrium, and into the inferior
vena cava, avoiding runs of ventricular ectopy seen when
the wire tips enters the right ventricle. Once the sheath is in
the appropriate position, the guidewire is removed, the
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Figure 20.6 Micropuncture apparatus: 22-gauge micropuncture
needle, 0.021-inch guidewire, 5F guided sheath, and obturator. 

Figure 20.5 Two-dimensional echo of the carotid artery (c) and the internal jugular vein (ij) at rest
(left) and during Valsalva maneuver (right), showing the maked enlargement in jugular venous caliber
with increased distending pressure.



sheath is aspirated and flushed, and the heart biopsy pro-
cedure can proceed.

Right Subclavian Vein Access 

Rarely, the right subclavian vein is used when patient
anatomic factors make the internal jugular and femoral
veins inappropriate for access (16). The entry site into the
subclavian vein should be somewhat more lateral than is
routinely the case for subclavian venous catheterization,
as a superior vena cava/subclavian vein angle that is too
acute will prevent the relatively stiff bioptome from
negotiating this angle into the right heart. The standard
site of entry for subsequent heart biopsy is in the infra-
clavicular region, lateral to the area of the bend of the
clavicle. The preceding recommendations of anesthesia
application and vein entry apply. The needle is directed
medially in a plane virtually parallel to the surface of the
x-ray table toward the region of the supraclavicular notch.
If this is unsuccessful, approaches more inferiorly or at a
steeper angle to the chest wall can be attempted. The stan-
dard single-wall or micropuncture technique is used, as
noted above. All intravascular catheters should move
without obstruction. In both the internal jugular and sub-
clavian techniques, fluoroscopy should be used to ensure
that the guidewire is directed downward toward the infe-
rior vena cava or right atrium rather than upward toward
the head. 

Femoral Vein Approach

Although entry into the femoral vein is technically less
challenging, biopsy from the femoral vein is more difficult.
In a series of biopsy patients reported by Anderson and
Marshall (17), the internal jugular vein could not be can-
nulated in 12% of patients, whereas all had successful
femoral vein insertion. The femoral vein is located just
medial to the femoral artery and the site of entry should be
inferior to the inguinal ligament. The femoral artery can
serve as a constant landmark for orientation. The Amplatz,
Seldinger, or micropuncture techniques are all used for the
femoral venous approach. Ultimately, a guiding sheath of
variable length is inserted in the inferior vena cava from
the femoral venous site.

The femoral artery is approached in a fashion very
similar to the femoral vein. Left ventricular biopsies are
occasionally indicated in patients with specific left ven-
tricular masses or local pathology, isolated ventricular
dysfunction, or an infiltrative process specific to the left
ventricle (18). The risks of embolization and perforation
are somewhat greater for patients submitted to left ven-
tricular endomyocardial biopsy as evidenced by higher
incidence of pain, low blood pressure, and pericardial
effusions after left as opposed to right ventricular
endomyocardial biopsy. After femoral sheath insertion, a
constant infusion drip should be maintained through

the sheath to avoid clot formation within the lengthy
catheters.

Biopsy Methods

Fluoroscopy guidance has proven most beneficial in the
performance of endomyocardial biopsies. Nonetheless,
some investigators (19) have described the use of two-
dimensional echocardiography, as opposed to fluoroscopy,
which the authors believe reduces the risk of perforation.
Visualization of the biopsy forceps is technically difficult
and requires considerable operator and technician experi-
ence. We and others (19–21) have used echocardiography
to biopsy intracardiac masses in the right or left heart, but
standardly perform endomyocardial biopsy under fluo-
roscopy.

Right Internal Jugular Venous 
Approach—Preshaped Bioptome 

The preshaped 50-cm bioptome is inserted through the
venous sheath with the tip of the bioptome pointing
toward the lateral wall of the right atrium. In the mid right
atrium, the bioptome is advanced slowly as it is turned
counterclockwise. This is facilitated by the fact that the
direction of the bioptome head is concordant with that of
the handle, but free motion and the desired orientation
should always be confirmed fluoroscopically. The anterior
rotation of the bioptome head allows the tip to cross the
tricuspid valve while it avoids the coronary sinus and tri-
cuspid apparatus. Continued advancement and counter-
clockwise rotation then allows the bioptome to advance
farther into the right ventricle and orient toward the sep-
tum (Fig. 20.7). Extreme care must be applied during this
maneuver to avoid perforation of the vena cava, right
atrium, or right ventricular free wall by the relatively stiff
bioptome. If resistance is encountered, the bioptome should
be pulled back and a different angle of entry attempted—
the biopsy forceps should never be forced or prolapsed into
the ventricle. If entry of the right ventricle remains difficult,
a Swan-Ganz catheter or other balloon flotation device
may be used to define the pathway across the tricuspid
valve into the right ventricle. 

Once in the right ventricle, the bioptome should lie
against the midportion of the interventricular septum. On
fluoroscopy, the bioptome should lie across the patient’s
spine and is usually directed inferiorly below the plane of
the tricuspid valve. If there is any question as to the biop-
tome’s position, fluoroscopy in the 30	 right anterior
oblique (RAO) and 60	 left anterior oblique (LAO) projec-
tions will confirm that the catheter is on the ventricular
side of the atrioventricular groove and pointed toward the
septum. The correct position is also marked by ventricular
ectopy, so that absence of such ectopy and fluoroscopy
showing the catheter to lie in the atrioventricular groove
suggests that the bioptome has entered the coronary sinus
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or the infradiaphragmatic venous system. It must be with-
drawn and repositioned before the jaws are opened and an
attempt is made to retrieve tissue! 

Even within the right ventricle, it is important to avoid
the relatively thin right ventricular free wall (Fig. 20.8) by
directing the head of the biopsy forceps toward the interven-
tricular septum. The interventricular septum lies in a plane
approximately 45	 diagonal to the plane of the patient’s
chest wall and corresponds to orientation of the instrument
handle leftward and posteriorly. In patients with cardiomy-
opathy, especially those with elevated pulmonary pressure

or right ventricular enlargement, the orientation of the
handle may be straight posterior.

Contact with the interventricular septum is confirmed
by the appearance of premature ventricular contractions.
The biopsy forceps are then withdrawn 1 to 2 cm, opened,
and advanced slowly to engage the septum. The biopsy
head is slowly closed to encapsulate the endomyocardial
specimen. Because of the trabeculated nature of the
endomyocardial surface, gentle forward pressure should
be maintained while the jaws are being closed to ensure
myocardial contact. Patients with restrictive heart disease
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Figure 20.7 Cineangiographic frames
obtained during right ventricular endomy-
ocardial biopsy using the Stanford biop-
tome. From left to right, the top row shows
the bioptome against the lateral right atrial
wall, against the ventricular septum, and
withdrawn slightly with jaws open. In the
bottom row, the jaws are reapplied to the
septum, closed, and withdrawn with the
sample contained.

Figure 20.8 Postmortem specimen shows heavy trabeculation
of the interior surface of the right ventricle, and the thinness of the
right ventricular free wall.



or following transplant often demonstrate a pulsatile
transmission of ventricular contractility through the course
of the bioptome, whereas those with idiopathic dilated car-
diomyopathy are often “soft” and engagement of the ven-
tricular septum is confirmed only by ventricular premature
contractions.

After the biopsy has been secured, the operator must
maintain pressure on the forceps closure device to make sure
the jaws remain closed while the specimen is withdrawn
from the right ventricle, right atrium, and superior vena cava.
There may be some slight “give” as the specimen is released
from the myocardium. Specimens that require excessive force
to remove suggest entrapment of the tricuspid apparatus,
transmural biopsy, or biopsy of a scar focus. In these circum-
stances, the bioptome head is released by opening the jaws,
the bioptome is withdrawn, and another biopsy site selected.
Once removed, the specimen must be scooped from the for-
ceps and placed in the appropriate preservative. 

Patients not infrequently experience a pulling or tug-
ging sensation as the specimen is withdrawn from the
heart surface. Sharp chest pain during bioptome insertion
or the performance of an endomyocardial biopsy implies
cardiac perforation. Other clues to possible perforation
include persistent ventricular premature contractions,
excessive retraction of the ventricular wall during biopsy
withdrawal, or a biopsy specimen that floats in formalin
(suggesting epicardial fat content). Any of these markers
should prompt blood pressure checks and fluoroscopy of
the heart borders to detect signs of pericardial tamponade
(see Chapter 32). This risk is lowest in patients with prior
cardiac surgery or advanced cardiomyopathy and greatest
in nonsurgical patients with relatively normal chamber
size and systolic function.

Patients with heart transplantation who undergo repeated
heart biopsies may require variation in the direction of the
biopsy forceps to avoid scarred areas of prior biopsy. This
may include some anterior or posterior angulation or alter-
ation of the degree of curvature in the bioptome. The num-
ber of specimens taken per biopsy procedure is variable and
dependent on the patient’s clinical status. The operator
must balance the pathologists desire to have adequate tis-
sue and risks involved with performance of the procedure.
We usually take three to five samples to yield adequate tis-
sue for examination and to detect focal pathology that
might not be evident in a single sample. 

At the conclusion of the procedure, the heart border
should be examined fluoroscopically to exclude tampon-
ade before the venous sheath is removed and the puncture
site is dressed. Patients who have had serial biopsies (e.g.,
transplant patients) can be discharged home within 1 hour
of uncomplicated biopsy.

Right Internal Jugular—Preformed Sheath 

The disposable preformed sheath technique can also be
used from the internal jugular approach. It differs from

the preformed bioptome technique as described above,
since the sheath (rather than the bioptome itself) is
advanced into the right ventricle. This directs the biop-
tome, which is very flexible and lacking in inherent shape.
A 7 French 45-cm preformed sheath can be inserted into
the superior vena cava and right atrium through a short
9 French self-sealing sheath. Insertion of a smaller sheath
through a larger sheath allows greater torque control and
decreases the risk of biopsy sheath kinking. The preformed
sheath is guided into the right ventricle by use of a
guidewire or a balloon-tipped flotation catheter. Once the
sheath is in the right ventricle, the catheter or wire guide is
removed while the sheath remains in position. If there is
any question as to the right ventricular placement, the side
arm of the guiding sheath can be attached to a pressure
monitor and right ventricular pressure demonstrated, or a
gentle contrast injection can be performed. The tip of the
preformed sheath should be free floating rather than posi-
tioned against the ventricular myocardium or trabeculated
portion of the right ventricle muscle. Once in a stable posi-
tion, the sheath should be aspirated and flushed with
heparinized solution. The sheath should be connected to a
constant infusion port to maintain patency and avoid clot
formation.

The flexible biopsy catheter is then inserted through
the disposable sheath. The distal portion of the biopsy for-
ceps can be manually curved before entry into the sheath
to avoid straightening of the sheath during insertion of
the bioptome and disturbing the appropriate angle for
biopsy performance. The jaws of the bioptome should be
opened immediately on exiting the sheath to increase
cross-sectional area and thereby reduce the risk of perfo-
rating the myocardial wall. The bioptome is directed pos-
teriorly and perpendicular to the plane of the septum.
Gentle pressure is applied as the jaws are slowly closed.
Once the bioptome has been removed from the sheath,
the jaws are opened and the specimen removed. The biop-
tome jaws are flushed with saline, and repeated biopsies
are taken as indicated clinically. Repeated biopsy attempts
may require alteration in the direction of the sheath or
angulation of the bioptome.

Femoral Vein Approach—Preformed Sheath

As with the right internal jugular venous approach, we pre-
fer to insert a 9 French self-sealing sheet in the femoral vein
through which the 7 French guiding sheath is inserted. All
guiding sheaths have an angle of curvature, which varies
from a 135	 straight angle to a gentle 180	 curvature or
multiangulated curvature (Baim guiding sheath; 22,23).
Each is inserted into the right ventricular cavity with the
assistance of an internal dilator, wire guide, pigtail catheter,
or flotation balloon–tipped catheter. Rarely, the femoral
venous approach is used to biopsy the left ventricle in
children via a trans-septal approach (24). The femoral
approach allows the operator less control over the site and
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location of the endomyocardial biopsy, which may increase
the risk for perforation. 

The 130	-angle femoral sheath must be evaluated before
insertion to ensure that the length of the sheath extension
from the right atrium to right ventricular biopsy site does
not exceed the anatomic distance from the right atrial bor-
der to the right ventricular apex. (This can be done by plac-
ing the sheath on the exterior portion of the patient’s chest
under fluoroscopy. If the postangled portion of the biop-
tome is too long, it should be shortened before insertion.

As with the internal jugular approach using a preformed
sheath, insertion of the bioptome may straighten the
sheath, altering the ideal angle for performance of the
biopsy. If this is the case, the distal portion of the otherwise
unformed 104-cm bioptome can be preshaped manually
before insertion into a curve similar to that of the sheath to
decrease the chance of losing the ideal biopsy angle. Out-
of-plane posterior angulation of the tip of the bioptome
relative to the broad more proximal curve can help direct
the tip toward the ventricular septum as it exits the sheath. 

Once the preformed sheath is inserted, it should be
continuously flushed to avoid clot formation or throm-
boembolic complications. If there is a question of biopsy
sheath tip location, a hand flush of contrast dye may be
helpful (Fig. 20.9). The 104-cm bioptome is inserted
through the disposable sheath. The biopsy jaws should be
opened just as the bioptome exits the preformed sheath,
decreasing the potential for perforation by the bioptome.
The biopsy forceps are advanced to the myocardial border
with the jaws open. The jaws are slowly closed while gen-
tle pressure is maintained against the septum. If the tip of
the preformed sheath lies against the septum, the biopsy
forceps can be unsheathed by retracting the sheath while
maintaining the biopsy forceps in a stable position. This
decreases the potential for perforation. After the specimen
is obtained, as the biopsy forceps are withdrawn, the

sheath is advanced slightly to restore its original position
in the ventricle. Once the biopsy specimen has been removed
from the preformed sheath, the forceps are opened and the
specimen scooped from the jaws and placed in the appro-
priate preservative.

Left Ventricular Biopsy—Femoral Artery
Preformed Sheath

As with the femoral venous approach, the femoral artery
requires insertion of a larger preformed short sheath to
maintain artery patency and allow biopsy sheath manipu-
lation. The short and long (98-cm) femoral artery dispos-
able sheath must be maintained under constant pressur-
ized infusion with a heparinized solution to maintain
patency and avoid embolic phenomenon. The preformed
sheath is inserted into the left ventricular cavity using a
guidewire and pigtail catheter. The wire, pigtail catheter,
and preformed sheath are gently manipulated to cross the
aortic valve and enter the left ventricular cavity. Once in the
left ventricle, an area of acceptable irritability is estab-
lished. The inferior posterior portions of the left ventricu-
lar cavity as well as areas of previous myocardial infarction
should be avoided to reduce the risk of perforation because
of the relatively thin muscle in these sites.

The sheath is cleared of debris by aspirating and flush-
ing before the 104-cm bioptome is inserted through the
sheath and into the left ventricular cavity. The biopsy for-
ceps should be directed away from the mitral valve appara-
tus. The jaws are opened and directed to the left ventricular
wall, the specimen is encapsulated, and the jaws are closed
firmly with extraction of the sample. Because of the increased
contraction of the left ventricle, less forward pressure is
applied during performance of the biopsy. The sheath is
maintained in the left ventricular cavity and its position
adjusted to ensure sampling from several sites.

Chapter 20: Endomyocardial Biopsy 403

Figure 20.9 Right ventricular biopsy from the femoral vein using a double-angulated sheath.
(Left) In the left anterior oblique projection, contrast injection demonstrates how the terminal sheath
curve orients the tip towards the septum (IVS) and away from the free wall (FW). (Right) In the right
anterior oblique position, contrast injection demonstrates a suitable position about mid-way from
the atrial-ventricular groove to the apex.



BIOPSY COMPLICATIONS

Virtually all complications associated with endomyocar-
dial biopsy occur during the procedure itself, that is, while
the patient is still in the catheterization laboratory. Potential
complications include ventricular perforation and pericar-
dial tamponade, malignant ventricular arrhythmias, tran-
sient complete heart block, pneumothorax, carotid artery
puncture, supraventricular arrhythmias, nerve paresis, and
venous hematoma (25,26).

Perforation

The greatest risk to patients from the performance of
endomyocardial biopsy is ventricular perforation (27;
Fig. 20.8). This may result in pericardial tamponade and
death. Patients with a prothrombin time �18 seconds or
who have received heparin without reversal within the
last 2 hours should probably not be submitted to
endomyocardial biopsy. Perforation is usually a compli-
cation of injury to the right ventricular free wall, which is
only 1 to 2 mm thick. Patients with pulmonary hyperten-
sion, a bleeding diathesis, or right ventricular enlarge-
ment may be at increased risk for right ventricular perfo-
ration. Any patient complaining of sharp pain during the
performance of the endomyocardial biopsy should be
considered to have experienced cardiac perforation.
Patients with perforation immediately complain of a vis-
ceral pain and within 1 to 2 minutes may develop brady-
cardia and hypotension. This is in part owing to an exag-
gerated vagal response, but limited benefit is achieved
by atropine administration. No further biopsy attempts
should be performed until the importance of the patient’s
complaints has been fully investigated. This may include
fluoroscopy of the heart border, measurement of the right
atrial pressure waveform, or performance of a portable
echocardiogram. Patients with suspected perforation
should have their right atrial pressure and the pulsatility
of the right and left heart borders continuously evaluated.
Loss of pulsation of heart borders and increased right
atrial pressure are strong indicators for pericardial tam-
ponade. Echocardiography should be obtained immedi-
ately to determine the presence and severity of pericardial
blood accumulation. Cardiovascular collapse or electrical
mechanical disassociation in the setting of a biopsy
should be considered to be presumptive evidence of peri-
cardial tamponade, and the operator must be prepared to
do an immediate pericardiocentesis, even before echocar-
diographic confirmation of tamponade.

Occasionally, acute bleeding into the pericardial space
will clot and prevent adequate draining by pericardiocen-
tesis. Persistent hemodynamic compromise and an inabil-
ity to drain the pericardium percutaneously mandate
that the patients be explored immediately, occasionally
in the catheterization laboratory. Because of the risk of
tamponade, a pericardiocentesis tray should be always

available in the procedure room where biopsies are
performed.

Malignant Ventricular Arrhythmias

Premature ventricular contractions are anticipated when
the right or left ventricular cavities are entered, and in fact
are indications of appropriate placement of the bioptome
or sheath. Occasionally, ventricular couplets or triplets
may be seen. Rarely, in patients with cardiomyopathy and
pre-existent ventricular arrhythmias, sustained malignant
ventricular arrhythmia may occur. This can usually be ter-
minated by removing the biopsy sheath or forceps from
the ventricular cavity. If this does not stop the ventricular
ectopy, medical therapy with antiarrhythmic agents or car-
dioversion may be necessary.

Supraventricular Arrhythmias

During cannulation of the right atrium, the atrial wall may
be stimulated, causing atrial arrhythmias, particularly in
those who have had a history of these rhythm distur-
bances in the past. Atrial arrhythmias are more likely to
occur in patients with elevations of right atrial pressure. In
patients with high filling pressures or a history of arrhyth-
mia, right atrial wall contact should be avoided if possible.
Occasionally, atrial tachycardia can be mechanically inter-
rupted by touching the right atrial wall with the bioptome,
interrupting the circus rhythm. This may increase the risk
of perforation, however.

Heart Block

Patients with pre-existent left bundle branch block may be
at risk for complete heart block during manipulation of
catheters or bioptomes in the right heart. Pressure against
the septum near the tricuspid apparatus may stun the right
bundle, delay conduction through the interventricular sep-
tum (a new right bundle branch block), or cause progres-
sion of prior left bundle branch block to complete heart
block. Removal of the offending bioptome or catheter usu-
ally resolves the complete heart block. If this is not the
case, a temporary pacing catheter can be inserted after
removal of the biopsy forceps. Particularly in patients with
pre-existing bundle branch block, a temporary pacemaker
and pacemaker wire should be immediately available in
the catheterization laboratory for emergent use if needed.

Pneumothorax

Laceration of the lung pleura during performance of right
internal jugular or right subclavian venous entry may
result in a pneumothorax. This risk can be minimized
by performing the internal jugular approach in the
midneck region and by continuously aspirating during
every attempt at venous entry. Patients who complain of
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shortness of breath should be investigated immediately
with fluoroscopy of the lung margins and urgent pneu-
mothorax evacuation as needed.

Puncture of the Carotid Artery 
or Subclavian Artery

The internal jugular and subclavian veins lie adjacent to
both the carotid and subclavian arteries. Even with sono-
graphic guidance, occasional arterial puncture may occur.
Puncture of an artery using the guiding needle, micropunc-
ture needle, or even an 18-gauge needle can be addressed
by immediate recognition of the complication, withdrawal
of the needle, and compression until homeostasis is
obtained. This does not preclude performance of a safe
venous approach, but bleeding in and around the site of
arterial puncture may tamponade the venous system in the
carotid sheath and make this site unusable. Cannulation of
an artery with a large (7 to 9 French) sheath is a more seri-
ous error that requires urgent surgical consultation.

Pulmonary Embolization

Patients with preformed sheaths may develop clot within
the sheath during the performance of the endomyocardial
biopsy if not continuously flushed (28). This may result
in recurrent thromboembolic phenomena (pulmonary
embolization or potentially paradoxical embolization into
the systemic arterial circuit). Additionally, patients who
develop a clot in the sheath not infrequently have that clot
pushed forward and wedged against the endomyocardial
surface of the heart by the bioptome resulting in a clot
biopsy as opposed to endomyocardial tissue.

Nerve Paresis

Excessive or ill-directed infiltration of lidocaine in and
around the jugular vein and carotid sheath may result in
Horner syndrome, vocal cord paresis, and rarely, diaphrag-
matic weakness. These complications are short lived, last-
ing 1 to 2 hours, if owing to lidocaine infiltration rather
than direct nerve trauma.

Venous Hematoma

A venous hematoma may form as a result of the excessive
movement of the venous sheath during the procedure,
inadequate compression of the venous entry site after the
procedure, or late venous bleeding owing to a transient or
sustained increase in right atrial pressure or coagulopathy.
This may result in local bleeding, but rarely results in long-
term complications that prevent subsequent use of this site
for venous entry. Nonetheless, appropriate attention to the
site of venous entry cannot be overemphasized, particu-
larly in those patients who must return repeatedly for
endomyocardial biopsies. 

Arterial Venous Fistula

Occasionally, arterial fistulas develop between small branches
of the coronary artery and the right ventricle in a heart trans-
plant patient. These are caused by biopsy of septal coronary
branch with subsequent arterial communication into the
cavity from which the biopsy was performed. A multitude
of long-term studies have demonstrated that these coronary
AV fistula are of no hemodynamic or clinical consequence
and can be followed conservatively (29–31).

POSTPROCEDURE CARE

After the biopsy sheath is removed, appropriate pressure
should be applied to avoid local bleeding complications.
Patients undergoing biopsy by jugular venous access can
usually be discharged from the biopsy suite or recovery
room immediately if no bleeding occurs within 5 to 10
minutes. Patients with femoral venous entry require 2 to 3
hours of supine bed rest before attempted ambulation.
Patients with arterial entry require several hours of bed rest
with or without arterial closure devices. 

Patients should be monitored for bleeding and any
change in hemodynamics. We do not routinely obtain
postprocedure chest radiographs unless there is a sugges-
tion of pneumothorax during the procedure. The Band-Aid
applied to their entry site can be removed after 24 hours,
and patients can have oral intake within minutes of the
performance of their procedure if they can sit up.

TISSUE PROCESSING

The operator has the responsibility for obtaining adequate
tissue for analysis and for performing the initial prepara-
tions that permit subsequent pathologic evaluation. It is
generally recommended that at least five separate speci-
mens be obtained to minimize sampling error. Most
myocardial diseases affect both ventricles, so that either
chamber may be sampled, depending on operator experi-
ence and preference. Selective left ventricular involvement
may be present in certain diseases (endomyocardial fibro-
sis, scleroderma, left heart radiation, and cardiac fibroelas-
tosis of infants and newborns). Left ventricular biopsy may
be performed in these conditions, or in patients in whom
right ventricular biopsy has been unsuccessful or nondiag-
nostic. In the remaining patients, we generally prefer right
(rather than left) ventricular biopsy because of greater ease
and speed and less likelihood of morbidity.

The safest and most eloquent techniques of endomy-
ocardial biopsy and sample preparation are useless with-
out expert pathologic interpretation. The availability of the
cardiac pathologist who is fully trained in the evaluation of
biopsy-obtained tissue and conversant with the latest clas-
sification schemes is mandatory in any biopsy program.
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Artifacts such as crushing or contraction bands are fre-
quently present in endomyocardial biopsy specimens and
may be overinterpreted by an inexperienced pathologist
or one used to evaluating only postmortem specimens.
The operator may assist the pathologist by appropriate
handling of the tissue in the catheterization laboratory.
The specimen should be removed gently from the jaws of
the bioptome with a fine needle and placed immediately
in the appropriate fixative. Frozen specimens may be pre-
pared in the catheterization laboratory by placing samples
in a suitable fluid-embedding medium and immersing
them in a liquid nitrogen and dry ice isopentane mixture
to allow immediate interpretation. Additional special sam-
ple preparation or staining (iron, amyloid) may be indi-
cated for evaluation for specific disease states.

It is the operator’s responsibility to ensure that the heart
biopsy specimens obtained are delivered to the appropri-
ate laboratory for analysis. Preferably, the operator should
review the slide material obtained and assist the patholo-
gist with an appropriate history and ensure that special
studies are obtained as needed. 

Patients with idiopathic dilated cardiomyopathy display
a specific pathologic pattern including myocyte hypertro-
phy and interstitial fibrosis. These findings may allow the
clinician to rule out other entities, help define the severity,
and judge the duration of the patient’s cardiomyopathic
condition. In a large series of patients submitted into
myocardial biopsy (32–34), approximately 20% have a
specific cause identified. Taking the biopsy and clinical
information together, a diagnosis can be made on virtually
all patients presenting with heart failure (Table 20.2). But
the threshold for performing endomyocardial biopsy
clearly depends on the operator’s experience, the availabil-
ity of pathology expertise, and the institutional view of
how important the findings are for the diagnosis and man-
agement of individual patients. Increasingly, molecular
techniques are available that will dramatically enhance the
value of endomyocardial biopsy performance, above and
beyond the simple histologic, immunohistochemical, and
biochemical analysis that has been available to this point.
Polymerase chain reaction techniques will allow patholo-
gists to determine whether or not the patient’s myopathic
process is associated with a pre-existent or ongoing viral
infection (35). Similarly, other immune markers, such as
HLA upregulation and immune deposition, will help to
identify those patients who suffer from some form of an
autoimmune process that may be perpetuating ventricular
dysfunction (36). 

Given that the presence of severe heart muscle disease
reduces life expectancy by as much as many malignancies,
we believe it is important to attempt to obtain tissue in
patients who present to the catheterization laboratory and
are not found to have valvular, coronary, or pericardial dis-
ease to account for their ventricular dysfunction or heart
failure. The utility and findings in specific disease states are
summarized below.

Transplant Rejection

Endomyocardial biopsy has been the cornerstone of moni-
toring of antirejection therapy in patients with heart or
heart–lung transplants (37,38). Biopsy allows the detec-
tion of early rejection before the clinical findings of
advanced cardiac damage (arrhythmias, third heart sound,
congestive heart failure) become manifest and confirms
the adequacy of pulsed immunosuppressive therapy to
control each acute rejection episode. Surveillance biopsies
are performed frequently during the first 6 months after
transplantation because of the high incidence of rejection
during this early period. No methodology thus far investi-
gated has demonstrated a sensitivity or predictive accuracy
high enough to replace endomyocardial biopsy in the
detection of rejection in adults, although scintigraphy after
the administration of indium 111-labeled antimyosin Fab
fragments may correlate best with biopsy findings (39).
Because immunologic transplant rejection is a diffuse
process, sampling errors are rare. The light-microscopic
histologic features of rejection include interstitial edema,
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MYOCARDIAL BIOPSY INDICATIONS 
AND FINDINGS

TABLE 20.2 

Current Indications 
Cardiac allograft rejection monitoring
Cardiomyopathy of unknown cause
Severe ventricular arrhythmias of unknown cause
Drug induced cardiomyopathy (anthracycline) 
Restrictive or constrictive heart disease 
Research interests

Cardiac Disorders with Specific Findings (see also Table 20.3)
Immune or inflammatory disease states
Myocarditis
Cardiac allograft rejection
Sarcoidosis
Cytomegalovirus infection
Toxoplasmosis
Rheumatic carditis
Chagas disease
Kawasaki disease

Degenerative
Idiopathic cardiomyopathy
Anthracycline cardiomyopathy
Radiation cardiomyopathy
Infiltrative
Amyloidosis
Gaucher Disease
Hemochromatosis
Fabry Disease
Glycogen storage disease

Ischemic
Acute myocardial infarction
Chronic ischemic cardiomyopathy
Schönlein-Henoch purpura

Cancer
Primary cardiac cancer
Metastatic cardiac cancer



inflammatory infiltration, and immunoglobulin deposi-
tion. More severe rejection is marked by myocytolysis and
even interstitial hemorrhage.

The original Stanford grading system (1981) defined
absent, mild, moderate, and severe grades of rejection, the
later two showing both lymphocytic infiltrates and myocyte
damage. The newer (1989) grading scale of the International
Society of Heart and Lung Transplantation (27) distin-
guishes four grades of rejection. Milder rejection—grade
1 (focal perivascular [1A] or diffuse [1B] sparse infiltrate
without necrosis) and grade 2 (single focus of aggressive
infiltration and/or myocyte damage) do not warrant
active treatment. In contrast, more severe rejection—grade
3 (multifocal aggressive infiltrates and/or myocyte damage
[3A] or diffuse inflammation with necrosis [3B]) or grade
4 (diffuse polymorphous infiltrate with necrosis and a
variable degree of edema, hemorrhage, or vasculitis) war-
rant aggressive immunosuppression even if the patient is
asymptomatic.

Adriamycin Cardiotoxicity

Doxorubicin hydrochloride (Adriamycin) is a potent
anthracycline antibiotic that is active against many tumors,
but whose usefulness is limited by its tendency to cause
progressive and irreversible dose-related cardiotoxicity
(40). The incidence is 4% at doses �500 mg/m2, 18%
between 500 and 600 mg/m2, and 36% �600/m2. One
approach to safe clinical use has thus been to limit the
total cumulative dose to 500 mg/m2, but this constitutes
an unnecessary limitation in patients who can tolerate sub-
stantially higher doses without cardiotoxicity and who
depend on the drug for tumor control. At the same time,
this approach fails to protect patients with pre-existing
heart disease, prior radiotherapy or cyclophosphamide
administration, or who are older than age 70, who may
develop cardiac toxicity at substantially lower doses.
Because overt impairment of cardiac function is a relatively
late finding in Adriamycin toxicity, noninvasive testing
may fail to disclose whether additional doses of Adriamycin
can be given safely. 

Bristow and coworkers (41), however, have demon-
strated that a progressive series of histologic changes
(including electron microscopic evidence of myofibrillar
loss and cytoplasmic vacuolization) takes place during the
development of Adriamycin cardiotoxicity. The extent of
these changes can predict whether a patient is likely to
develop clinical cardiotoxicity during the subsequent
chemotherapy cycle. The 5-step grading system relates
grade to the percent of cells that show these histology
changes (1 � �5%, 1.5 � 5 to 15%, 2 � 16 to 25%, 2.5 �

26 to 35%, and 3 � �35%). A biopsy score of 2.5 or
higher indicates that doxorubicin therapy should be ter-
minated, whereas lower scores allow administration of
the next cycle of therapy followed by rebiopsy, thus per-
mitting maximal yet safe dosing with Adriamycin while

substantially decreasing the incidence of morbidity and
mortality from Adriamycin cardiotoxicity.

Dilated Cardiomyopathy

Dilated cardiomyopathy—primary myocardial failure in
the absence of underlying coronary, valvular, or pericardial
disease—has an age-adjusted prevalence of 36 per 100,000
population in the United States and causes approximately
10,000 deaths each year (42). The prevalence is 2.5 times
higher in blacks and males. The clinical syndrome, which
includes advanced congestive heart failure with dilation of
both ventricles, chest pain, and arrhythmias, can be owing
to a variety of toxins, metabolic abnormalities, inflamma-
tory or infectious causes, neuromuscular diseases, or famil-
ial syndromes. The classification scheme was updated by
the World Health Organization in 1995 (43).

By the time of clinical presentation, most patients with
dilated cardiomyopathy already have well-established car-
diac damage. Although the course is highly variable and
may include transient periods of improvement, the 1-year
mortality may be as high as 25 to 30% (42). Since dilated
cardiomyopathy carries a substantial mortality, our approach
to any young or middle-aged patient who presents with
dilated cardiomyopathy consists of an invasive evaluation
that includes both coronary angiography and endomyocar-
dial biopsy. The former may be helpful, because clinical signs
and symptoms (chest pain or a history of myocardial infarc-
tion) are neither sensitive nor specific for distinguishing idio-
pathic dilated from ischemic cardiomyopathy—both factors
may be present in patients with classic dilated cardiomyopa-
thy (with angiographically normal coronaries) or may be
absent in up to half of patients with ischemic cardiomyopa-
thy (despite a high incidence of triple vessel disease). Since
some patients with a myopathic presentation of extensive
coronary artery disease do well with revascularization, coro-
nary angiography is an important part of the evaluation.

Unfortunately, endomyocardial biopsy in patients
with dilated cardiomyopathy generally displays only the
monotonous histologic findings of myocyte hypertrophy,
interstitial and replacement fibrosis, and endocardial
thickening (34,42). Occasional small clusters of lympho-
cytes (�5 per high-power [300 to 400�] field) may be pres-
ent, without meeting criteria for diagnosing myocarditis.
The amount of collagen—particularly rigid type I collagen—
is increased, potentially accounting for an increase in dia-
stolic stiffness (44). As such, the histologic findings in
dilated cardiomyopathy generally do not aid in establish-
ing cause, long-term prognosis, or appropriate specific
therapy. However, there are clearly patients with otherwise
garden-variety dilated cardiomyopathy, in whom specific
processes can be diagnosed by endomyocardial biopsy
(Table 20.3). The yield of endomyocardial biopsy findings
that will significantly alter either therapy or long-term
prognosis in dilated cardiomyopathy, however, is admit-
tedly low (32,34,45).

Chapter 20: Endomyocardial Biopsy 407



Myocarditis

In contrast to the “burned-out” condition of the myocardium
in dilated cardiomyopathy, myocarditis is an acute or suba-
cute inflammatory illness in which there is variable lym-
phocytic infiltration in conjunction with myocardial cell
damage (42,46,47). Epidemiologic studies suggest that
approximately 5% of a Coxsackie B virus-infected popula-
tion show some evidence of cardiac involvement (42), and
replicating enteroviral RNA may be recovered in myocar-
dial samples (35,48–50). Infection and inflammation may
resolve spontaneously or may become chronic with perpet-
uation of an autoimmune process that causes ongoing
myocardial damage (51,52). Similar processes can result
from various viral, protozoal, metazoal, or bacterial infec-
tions. Patients with myocarditis typically present with
symptoms of chest pain, arrhythmias, or heart failure, with
a clinical course that may vary from days to months. Newer
noninvasive tests such as scintigraphy after administration
of indium 111-labeled antimyosin Fab (where a ratio of
counts over the heart to counts over the lung in the ante-
rior view �1.6 is positive) may help identify cases of
myocarditis, but it has a low sensitivity (66%) compared
with endomyocardial biopsy (47). In patients in whom
myocarditis is strongly suspected but not confirmed by
scintigraphy, biopsy should still be performed.

Much of the confusion in this field stemmed from use
of various definitions for myocarditis, some of which (e.g.,
more than five lymphocytes per high-power field) were
fairly liberal. In contrast, the Dallas criteria (53) adopted

in 1986 require that infiltrating lymphocytes be adjacent
to myocyte necrosis or degeneration to diagnose active
myocarditis. If lymphocyte infiltration is present without
adjacent myocyte damage, the diagnosis is borderline
myocarditis. Roughly 9% of biopsies done for the evalua-
tion of dilated cardiomyopathy will show myocarditis
(about two thirds active and one third borderline; 33),
Biopsy samples that were previously read as showing
myocarditis may now be read as borderline or even frankly
negative using the Dallas criteria. If the biopsy shows non-
diagnostic abnormalities (particularly if borderline changes
are present), the patient may still turn out to have active
myocarditis on a repeat biopsy (54). If confirmation of
active myocarditis is clinically relevant, repeat right ventric-
ular biopsy is generally sufficient, since the incidence of
right versus left ventricular discordance in myocarditis is
apparently low (54,55).

Using both clinical and histopathologic criteria
(33,56,57), the Hopkins group has classified myocarditis
as fulminant (intense infiltration, acute onset with progres-
sion to death or recovery within 1 month, poor response to
immunosuppressives); subacute (less distinct onset, active
inflammation, potentially good response to immunosup-
pressives); chronic active (progressive decline in cardiac
function, a biopsy that shows mixed inflammation and
fibrosis, and only a brief response to immunosuppres-
sives); or chronic persistent myocarditis (histologic evidence
of myocarditis, near normal ventricular function, unaf-
fected by immunosuppressives). Positive biopsies for
myocarditis may thus be found in patients presenting with
new- or recent-onset congestive heart failure, including
patients with peripartum cardiomyopathy during the last
month of pregnancy or within the 5 months after delivery
(58) and in survivors of cardiac arrest who have no other
evident organic heart disease (59). Several recent series of
patients with AIDS have shown serious clinical cardiac
abnormalities associated with myocarditis (60–62). 

Given this high apparent prevalence of myocarditis
among patients with both acute and chronic illness,
uncontrolled use of immunosuppressive treatment (analo-
gous to that used for transplant rejection) was reported
in the 1980s (63,64). Patients with active inflammation
appeared to show histologic and some clinical improve-
ment. However, immunosuppressive therapy also caused
significant complications, and it was not clear that the fre-
quency of improvement exceeded that seen spontaneously
in many patients with myocarditis.

This general confusion about the prevalence and opti-
mal treatment for myocarditis led to the conduct of the
Myocarditis Treatment Trial (65). Between October 1986
and October 1990, 2,233 patients who underwent non-
transplant endomyocardial biopsy within 2 years of symp-
tom onset at one of 30 participating centers were screened.
Histopathologic evidence of myocarditis was found in 214
(10%), of whom 111 with a left ventricular ejection fraction
�45 and no medical contraindication were randomized to
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FINAL CLINICAL PLUS BIOPSY DIAGNOSIS
FROM 1,278 PATIENTS WITH DILATED
CARDIOMYOPATHY

TABLE 20.3

Diagnosis Frequency %

Idiopathic dilated cardiomyopathy 654 51.2
Myocarditis (2/3 active, 1/3 borderline) 117 9.2
Coronary artery disease 98 7.7
Peripartum cardiomyopathy 58 4.5
Hypertension 54 4.2
Human immunodeficiency virus infection 46 3.6
Amyloidosis 41 3.2
Connective tissue disease 40 3.1

(mostly scleroderma/lupus)
Drug-induced (mostly adriamycin) 30 2.3
Chronic alcohol abuse 30 2.3
Familial cardiomyopathy 25 2.0
Valvular heart disease 19 1.5
Sarcoid 16 0.9
Endocrine (mostly thyroid)  11 0.9
Hemochromatosis 9 0.7
Neoplastic 6 0.5

Modified from Felker GM, Hu W, Hare JM, Hruban RH, Baughman KL,
Kasper EK. The spectrum of dilated cardiomyopathy. The Johns
Hopkins experience with 1,278 patients. Medicine (Baltimore) 1999;
78:270.



either placebo or 24 weeks of cyclosporine/prednisone
(after an initial azathioprine/prednisone arm was dropped).
There was no significant benefit in the primary end point
(improvement in left ventricular ejection fraction from
baseline to 28 weeks) between the patients receiving
immunosuppression and those receiving conventional
stepped drug therapy for congestive heart failure. Despite
initial screening by expert pathologists, only 66% of base-
line biopsies met rigorous Dallas criteria for active
myocarditis when over-read by the core laboratory, and the
trial was seriously underpowered to detect even substantial
clinical benefit. Some physicians thus still consider use 
of immunosuppressives in patients with biopsy-proven
myocarditis and a deteriorating clinical picture, particu-
larly in the clinical picture of active myocarditis. Of course,
such patients should also be screened for cardiac trans-
plantation, should their condition continue to deteriorate. 

Recent studies by Martin, Wojinick, and Frustaci have
raised questions as to the validity of the Dallas Criteria as
the exclusive marker of myocarditis. Martin (49) demon-
strated that children with a viral syndrome and positive
endomyocardial biopsies by PCR for viral genetic sequences
often fail to demonstrate myocarditis by the histologic
Dallas criteria. Wojinick (36) demonstrated that HLA
upregulation in patients with a clinical syndrome compati-
ble with myocarditis was a marker for patients who respond
to immunosuppressive therapy, whereas Dallas criteria
myocarditis was found in only 16% of this population.
Frustaci (48), in a series of patients with dilated cardiomy-
opathy and presumed myocarditis that failed to improve
with standard medical therapy, showed that those who
responded to immunosuppressives with an improvement
in ejection fraction had anti-heart antibodies and no viral
persistence by PCR. Therefore, the absence of persistent
virus, the presence of immune upregulation by anti-heart
antibodies, and HLA upregulation may better define a pop-
ulation with immune-related heart dysfunction responsive
to immunosuppressive therapy.

Restrictive Versus Constrictive Disease

Heart failure caused by impaired diastolic functioning of a
normal-sized or mildly dilated left ventricle is an uncom-
mon but important clinical entity (see Chapters 31 and 32).
In some cases, this may be owing to pericardial constric-
tion, in which instance endomyocardial biopsy would offer
no further information. A restrictive pattern (43,66,67)
may be seen in some patients with hypertrophic myopathy,
associated with a pattern of myocyte fiber disarray. More
important, diastolic dysfunction may also be caused by one
of a series of diseases that can be readily diagnosed with
endomyocardial biopsy, thus sparing the patient from
inappropriate medical or surgical therapy (i.e., pericardial
stripping; 66). These disorders include primary amyloidosis,
Loeffler endomyocardial fibrosis, carcinoid-related damage,
Fabry disease, and the glycogen storage diseases (67a).

Of these, amyloid (AL) is one of the most common
(1,000 to 3,000 new U.S. cases per year; 67–69). It also has
one of the worst prognoses (typical survival for amyloid
patients of 12 months is reduced to 5 months in patients
with cardiac involvement). Recent trials suggest that treat-
ment with melphalan and prednisone significantly pro-
longs survival (70), so definitive diagnosis is important.
Although most patients with cardiac amyloidosis have evi-
dence on biopsy of more accessible organs or urinary light
chain excretion, about 10% do not. Cardiac biopsy should
be performed in patients with thick walls and a small hypo-
kinetic ventricle, particularly if the myocardium has the
characteristic speckled appearance on echocardiography.

Sarcoid is also relatively common (�10,000 new U.S.
cases per year; 71,72). Although serious cardiac dysfunc-
tion is detected in only 5 to 10% of patients, more than
three fourths have cardiac involvement on autopsy. About
half of the patients have electrocardiographic abnormali-
ties of conduction, or repolarization, whereas some have
papillary muscle dysfunction, infiltrative cardiomyopathy,
or pericarditis (71,72). 

Hemochromatosis may present with either a dilated or
restrictive pattern. It is found in roughly 1% of endomy-
ocardial biopsies (34,73), but is important to identify
given the benefits of iron chelation therapy. 

FUTURE DIRECTIONS

Endomyocardial biopsy remains the gold standard for the
diagnosis of transplant rejection and anthracycline car-
diotoxicity and a highly valuable tool for the diagnosis of
myocarditis. The recent use of highly specific molecular
probes to look for virus genetic material or autoimmune
activity in endomyocardial biopsy material promises to fur-
ther sharpen the diagnostic potential of this technique.
Although the lack of positive findings in the Myocarditis
Treatment Trial dampened enthusiasm for widespread per-
formance of endomyocardial biopsy in patients presenting
with congestive heart failure, the procedure remains safe and
helpful. With newer techniques to define immune upregula-
tion and viral persistence, there is no question that endomy-
ocardial biopsies will again define myocarditis and its
appropriate treatment. Furthermore, molecular and genetic
analysis will identify patients in the current idiopathic car-
diomyopathy category who have an infectious or inherited
cause for their cardiac dysfunction. Once we understand the
pathophysiology for patients’ cardiac conditions, we will be
in a much stronger position to appropriately identify ther-
apy. Despite ongoing uncertainty of its correct place in the
clinical workup (74), endomyocardial biopsy plays an
important role in the evaluation of patients with recent
onset or rapidly deteriorating cardiomyopathy or potential
cardiac involvement of certain systemic diseases, as well as
in furthering our understanding of the pathophysiology and
treatment of diseases of the heart muscle.
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21Intra-Aortic Balloon 

Counterpulsation and 

Other Circulatory Assist Devices
Daniel Burkhoff a

Significant hemodynamic embarrassment (owing to car-
diogenic shock in the setting of acute myocardial infarc-
tion, decompensated chronic heart failure, and acute
mitral valve regurgitation, or ventricular septal defect)
clearly increases the risk of any diagnostic or interventional
procedure. Right heart catheterization is valuable for
excluding the possibility of occult hypovolemia or high-
output failure (owing to sepsis or a vasodilator response
to agents such as milrinone) and for measuring the extent
of cardiogenic shock and its response to treatment.
Pharmacologic therapy (arterial and venous vasodilators,
vasoconstrictors, positive inotropes (see Chapter 2) may be
helpful, but is often not sufficiently potent to normalize
hemodynamics or has undesirable side effects (increased
arrhythmias, worsened tissue perfusion). Accordingly, vari-
ous devices have been developed to provide hemodynamic
support to patients in various acute and chronic clinical
settings. This includes treatment of patients with baseline
hemodynamic compromise, as well as the prophylactic sta-
bilization of patients with borderline ventricular function
and large portions of the remaining viable myocardium at
risk during percutaneous coronary interventions or cardiac
surgical procedures. To the extent that some of these
support devices favorably alter the relationship between
myocardial oxygen supply and oxygen demand (see
Chapter 18), these devices may be the treatment of choice

in medically refractory unstable angina when definitive
revascularization procedure is delayed. This chapter will
review the design, indications, and technique for use for
these hemodynamic support devices.

INTRA-AORTIC BALLOON
COUNTERPULSATION

The first device developed for use in all of these settings
was the intra-aortic balloon pump (IABP) which uses coun-
terpulsation to increase aortic pressure during diastole
while decreasing aortic pressure during ejection. This
enhances the pressure gradient for coronary artery blood
flow (which occurs primarily during diastole) while
decreasing the impedance for ejection of blood from the
ventricle during systole. Despite the advent of increasingly
sophisticated left ventricular assist devices (LVADs) and
cardiopulmonary support (CPS) systems that are designed
to provide more complete circulatory support, IABP
remains the most practical and widely used form of circu-
latory support. 

The intra-aortic balloon pump system consists of a
balloon-tipped catheter that is connected to a console that
controls the timing and volume of balloon inflation and
deflation during the cardiac cycle. The concept of using
timed inflation of a balloon to generate a positive pressure
pulse during diastole (to improve coronary flow) and then
rapidly deflating the balloon to withdraw that volume dur-
ing systole (to reduce resistance to systolic ejection) was

a This chapter contains significant portions of the material contributed
by Fayaz Shawl and Julian M. Aroesty to previous editions.
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first conceived by Clauss in 1961 (1,2) and applied clini-
cally by Kantrowitz in 1968 (3). At first, the practice was
confined to patients with cardiogenic shock (1,2), but this
was soon followed by successful use in patients with med-
ically refractory unstable angina (4). Insertion of a balloon
catheter was initially performed surgically (the first IAB
catheters measured 12 to 14 French in diameter), but most
insertions today are done percutaneously, thanks to
smaller diameter (8 to 9 French) over-the-wire catheters
(5,6). The popularity of IABP stems from its ease of use,
safety, and the perception of clinical effectiveness.

IABP Catheter

The intra-aortic balloon (IAB) catheter consists of a long
cylindrical polyurethane balloon (length roughly 10 cm,
inflated volume 30 to 50 mL) that is mounted on a flexi-
ble shaft. The tip of the IAB is ideally positioned in the
descending thoracic aorta, 1 to 2 cm beyond the origin of
the left subclavian artery. This balloon is abruptly inflated
with helium immediately after aortic valve closure, causing
an increase in aortic diastolic pressure. Inflation is main-
tained until just before the beginning of systolic ejection
(i.e., the opening of the aortic valve), when the helium is
abruptly withdrawn to rapidly deflate the balloon and
thereby produce a sharp fall in systolic aortic pressure with
a resultant decrease in the impedance to left ventricular
ejection. The inflation–deflation cycle is generally triggered
(timed) relative to the R wave of the surface ECG. If use of
the ECG is not possible or the ECG signal itself is inade-

quate, alternative triggering options are available (e.g.,
pacer, pressure, or a fixed internal trigger for patients in
ventricular fibrillation or on cardiopulmonary bypass).
The console allows for adjustment of the timing of balloon
inflation and deflation to optimize the hemodynamic
effect, as reflected in the arterial pressure waveform.

Most IABs are dual-lumen catheters. One lumen is used
to shuttle gas to and from the balloon. The second (cen-
tral) lumen allows delivery of the catheter over a guidewire
and subsequent monitoring of central aortic pressure. A
40-mL balloon is used in most adults, and a 30- or 34-mL
balloon is reserved for smaller patients (approximately 5
feet to 5 feet 4 inches). A 50-mL balloon is available for
patients �6 feet. Pediatric balloons are also available in
2.5, 5.0, 12.0, and 20-mL sizes (Table 21.1). Early balloon
consoles used CO2 gas because of its excellent solubility in
blood in the event that the balloon membrane developed a
leak. As the shaft size of balloon catheters decreased, it
became desirable to use gas with a lower molecular weight
(i.e., helium) to maintain the fast gas shuttle speeds
needed for crisp inflation and deflation. 

Percutaneous Insertion

With rare exceptions, such as the presence of severe periph-
eral vascular disease, the IAB catheter is inserted percuta-
neously through the femoral artery. If femoral insertion is
not possible, the clinician may opt for insertion using a
subclavian or brachial artery approach. Percutaneous IAB
insertion can be performed via femoral artery grafts if special

SUMMARY OF AVAILABLE IABS BY MANUFACTURER AND SIZE
TABLE 21.1

Sheathed/
Balloon Dual Lumen Sheathless

Catheter or Single Balloon Insertion Sheath Guidewire
Manufacturer Size (F) Lumen Volume (mL) or Both Provided (F) (in./cm)

Datascope Corp.
Linear 7.5F IAB catheters 7.5 Dual lumen 25, 34, & 40 Both 7.5 0.25/0.064
Fidelity 8F IAB catheters 8 Dual lumen 25, 34, & 40 Both 8 0.25/0.064
True Sheathless 9.5F IAB catheters 9.5 Dual lumen 25, 34, & 40 Both 10 0.30/0.077
Percor Stat DL 10.5F IAB catheter 10.5 Dual lumen 50 ? 11.5 0.30/0.077
Pediatric IAB catheter 4.5 Single lumen 2 Available for surgical insertion only
Pediatric IAB catheter 5.5 Single lumen 5
Pediatric IAB catheter 5.5 Single lumen 7
Pediatric IAB catheter 7.0 Single lumen 12
Pediatric IAB catheter 7.0 Single lumen 20

Arrow International
UltraFlex 7.5F IAB Catheters 7.5 Dual lumen 30 & 40 Both 8 0.25/0.064
Ultra 8F IAB Catheters 8 Dual lumen 30 & 40 Both 8 0.25/0.064m
NarrowFlex 8F IAB Catheters 8 Dual lumen 30 & 40 Both 9.5 0.30/0.077
Rediguard 9F IAB Catheters 9 Dual lumen 50 Both 10.5 0.30/0.077
8F 40 mL sheathless IAB catheter 8 Dual lumen 40 Both 9 0.25/0.064
7F 30 mL sheathless IAB catheter 7 Dual lumen 30 Both 8 0.25/0.064
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attention is paid to puncture technique (7). Although the
reduction in the diameter of IAB catheters in recent years
(8F is the predominant size today) has reduced the inci-
dence of serious vascular complications, a careful prepro-
cedure clinical evaluation can minimize the risk of compli-
cations. Clotting parameters (prothrombin time, partial
thromboplastin time, and platelet count) should be
checked, and a clinical evaluation of the possible periph-
eral vascular disease should be performed prior to IAB
insertion.

IABs are generally inserted percutaneously over a
guidewire using either a small (8 to 9F) sheath or a sheath-
less (over-the-wire) technique. The technique for prepara-
tion and puncture of the common femoral artery is
described in Chapter 4. If balloon placement is being per-
formed as a stand-alone procedure, the artery is predilated
using a 7 or 8F dilator after the wire has been advanced to
the level of the diaphragm. Firm pressure is maintained
over the puncture site to prevent hematoma as the dilator
is removed and the wire wiped clean. Next, the appropriate-
size sheath (or the balloon catheter itself if the sheathless
insertion is chosen) is introduced over the wire. When bal-
loon placement is being performed at the conclusion of a
catheterization procedure, the new low-profile Datascope
8F IAB catheters can often be placed via an existing 8F
sheath. (Note: current Arrow 8F catheter kits contain a 9 or
9.5F introducer sheath.) In this case, it is helpful to insert
the special IAB catheter guidewire up to the level of the
diaphragm before removing the final diagnostic or inter-
ventional guiding catheter to eliminate the need to renego-
tiate tortuous iliac vessels.

The IAB catheter should be dipped in saline prior to
insertion. Air is then evacuated from the balloon, using a
large (60-mL) syringe attached to the one-way valve sup-
plied in the kit, to maintain the lowest possible IAB profile
during introduction. The guidewire lumen should then be
flushed with a heparin–saline solution and the balloon
loaded onto the guidewire supplied with the IAB insertion
kit. Maintaining the guidewire above the carina (bifurca-
tion of the trachea into left and right mainstem bronchi,
which is generally just distal to the left subclavian artery),
the balloon should be advanced to that level with minimal
resistance. Alternatively, fluoroscopy in the left anterior
oblique projection usually allows direct visualization of the
upper mediastinal density that corresponds to the left sub-
clavian takeoff. When the radiopaque tip-marker reaches
this level, the guidewire is removed, the central lumen of
the balloon catheter is aspirated and flushed, and the
guidewire lumen is attached to either the coronary mani-
fold or a pressurized flushing device equipped with a pres-
sure transducer (Intraflo) that delivers 3 mL/hour to main-
tain lumen patency. Special care must be taken to prevent
inadvertent injection of air bubbles or thrombi through the
guidewire lumen, since its tip is only a short distance below
the aortic arch. The balloon shaft may be equipped with a
protective plastic outer sleeve that can be advanced to mate

with the hub of the introducer sheath to maintain sterility if
subsequent adjustment is required. If a long (23-cm) sheath
has been used to negotiate a tortuous iliac artery, the sheath
must be partially withdrawn prior to initiation of counter-
pulsation so that the distal end of the sheath does not over-
lie and trap the distal end of the balloon. 

Sheathless Insertion

Although insertion through a sheath is quite easy, most cur-
rent balloons have a tapered nose to allow them to be
inserted directly over a guidewire (i.e., without use of
a sheath). Because the balloon shaft is roughly 1.5F
(0.5 mm) smaller than the corresponding sheath’s outer
diameter, sheathless insertion results in less femoral arterial
trauma and less obstruction to the limb circulation in
patients with small or atherosclerotic arteries. Care must be
taken to adequately predilate the soft-tissue track and to
avoid kinking either the guidewire or balloon catheter dur-
ing insertion. Additionally, the balloon catheter should not
be rotated as it is passed through the soft tissues, as this will
produce unnecessary tissue trauma. If undue resistance is
encountered while advancing the catheter, consideration
should be given to reverting to a sheathed insertion. 

Initiation of Counterpulsation

Following connection to the console, the system is purged
with helium inflation gas. The console can be set so that the
balloon will be inflated to approximately half its rated vol-
ume with each inflation, and counterpulsation is begun at
the 1:2 or 1:3 setting (every other or every third beat) so that
preliminary timing adjustments can be made (see below).
Fluoroscopy can be used to confirm appropriate placement
of the balloon proximally, full exit from the sheath distally,
and uniform expansion without twists or kinks. Balloon vol-
ume is then increased to its full rated value, and fluoroscopy
is performed again to verify that the balloon position is
appropriate and that the balloon has assumed a uniform
symmetric cylindrical shape at full inflation. The balloon
shaft and sheath (if used) are sewn to the skin, povidone-
iodine (Betadine) solution is applied to the entrance site, a
mark is placed across the balloon shaft and the skin to
detect any subsequent balloon migration, and a sterile
dressing is applied. If the patient is not already anticoagu-
lated, heparin (5,000 units intravenously) should be given
intravenously as soon as the balloon is inserted, followed by
continuous intravenous heparin titrated to maintain an acti-
vated clotting time (ACT) of 1.5 to 2.0 times normal.

Adjusting Counterpulsation Timing

Maximal benefit depends on proper timing of balloon
inflation and deflation. Timing should be done by inspec-
tion of the central aortic pressure tracing through the bal-
loon central lumen, since the change in contour and the
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timing of the pulse wave as it moves from the central aorta
to the periphery can make accurate timing of counterpulsa-
tion difficult. Optimal waveform interpretation is also
facilitated by having the transducer as close as possible to
the hub of the balloon, connected by a short relatively
stiff tubing (see Chapter 7, Pressure Measurement). Timing
is best done with the console set at 1:2 or 1:3 pumping
(i.e., counterpulsation of every other or every third beat)
so that arterial pressure tracings from consecutive beats
with and without counterpulsation can be compared
(Fig. 21.1). The newest IABP systems (the CS100 manu-
factured by Datascope Corp. and the AutoCat 2 Wave
manufactured by Arrow International) use tip pressure
measurements to set proper timing automatically and
require little, if any, manipulation of the console controls
by the operator to maintain correct timing.

When appropriately timed, the effect of IABP is to
reduce ventricular afterload and increase cardiac output, as
shown in the example of Fig. 21.1B, obtained from a
patient with chronic heart failure. The aortic and ventricu-
lar pressure and ventricular volume measurements shown
in this figure illustrate these points, particularly as shown
by the corresponding pressure-volume loops shown in the
bottom panel (note that ventricular volume was measured
using the conductance catheter technique). Initiation of

IABP reduced peak aortic and ventricular pressure, decreased
end-diastolic volume, and increased stroke volume, which
are collectively indicative of both preload and afterload
reduction.

Inflation

As stated above, the newest systems set proper inflation tim-
ing automatically. In older systems, however, it is necessary
for the operator to look at a central aortic pressure tracing
and slowly adjust the inflation timing later until the dicrotic
notch becomes visible. Inflation should then be moved
back to a slightly earlier time until the inflation upstroke
fuses with the central aortic dicrotic notch to form a “U”
(see Fig. 21.2). Earlier inflation should be avoided, because
this will increase aortic pressure during left ventricular ejec-
tion, resulting in decreased stroke volume. 

Deflation

As with inflation, the newest systems set deflation timing
automatically. In older systems, deflation should be timed
to take place just before the opening of the aortic valve.
Starting with deflation that is clearly too early (before the R
wave), the timing of deflation is delayed progressively until

Figure 21.1 A. Central aortic waveform with properly timed
intra-aortic balloon pump (IABP) operating in 1:2 mode (i.e., bal-
loon pumping every other beat). Balloon inflation (*S) occurs at
the dicrotic notch, and diastolic pressure is augmented compared
with the normal beat. Balloon deflation (†S) occurs just prior to
ejection, and there is a drop in aortic pressure, signifying reduction
of the impedance to ejection. B. Aortic pressure (PaO), LV pressure
(PLV), and LV volume (VLV) measured from a heart failure patient at
the initiation of 1:1 IAB pumping (arrow). Characteristic changes in
diastolic PaO are apparent. IABP induced diastolic unloading
(decreased end-diastolic volume), afterload reduction (marked
decreases in end-systolic volume and decreased systolic pressure)
while increasing stroke volume. These hemodynamic changes are
readily demonstrated in the pressure-volume loops in the lower
part of the figure. (View B tracings courtesy of Dr. Jan Schreuder,
Department of Cardiac Surgery, San Raffaele University Hospital,
Milan.)

A

B

PL
V

 (m
m

 H
g

)
PL

V
 (m

m
 H

g
)

V
LV

 (m
L)

Pa
o 

(m
m

 H
g

)

350

290

230

100

50

0
100

65

30

0

100

80

60

40

20

0
230 290 350

1 2 3 4 5 6 7 8 9 10

Time (s)

2 1

VLV(mL)



416 Section VI: Special Catheter Techniques416 Section VI: Special Catheter Techniques

the maximum reduction of aortic systolic pressure is
observed in the subsequent beat. This is usually accompa-
nied by a parallel 10 to 15 mm Hg decrease in the nadir of
central aortic diastolic pressure (Fig. 21.2). Recent data sug-
gest that later deflation approaching left ventricular ejec-
tion is not detrimental and may, in fact, enhance stroke
volume (8); however, the clinical implications of variation
of deflation timing have not been studied systematically in
controlled clinical trials.

Timing in the Presence of Arrhythmias 

In the presence of atrial fibrillation or marked irregularity
of the cardiac rhythm, balloon timing is best adjusted so
that deflation occurs on the peak of the R wave to avoid
left ventricular ejection against an inflated balloon dur-
ing the occasional short R-R intervals. Atrial pacing may
also produce timing difficulties if the console misinter-
prets the atrial pacing spike as the peak of the R wave.
This can be overcome either by timing the balloon off
the arterial pressure contour, by choosing a monitor lead
that magnifies the difference between the ECG R wave
and the atrial pacing spike, or by setting the console to
the mode that discriminates between the pacing spike
and R wave by sensing both the height and duration of
the signal. Manual adjustment of timing with today’s
state-of-the-art systems, however, is rarely required as

these systems adapt automatically to irregularly timed
beats as encountered in atrial fibrillation and other
rhythm abnormalities by continuously seeking the best
available trigger source and making the appropriate tim-
ing adjustments. 

Angiography During Counterpulsation

Whenever possible, it is desirable to perform angiography
or percutaneous coronary intervention prior to balloon
placement so that a single femoral access site can be used.
In hemodynamically unstable patients, however, counter-
pulsation can be used during such procedures. In this case,
the balloon catheter is placed first and cardiac angiography
is then performed via the opposite femoral artery or the
radial artery. If the contralateral femoral approach is used
for angiography, a few precautions should be taken to
avoid damaging the balloon membrane. The guidewire
and catheters should be advanced beyond the level of the
balloon with inflation suspended briefly and with the tip
of the catheter pointed away from the balloon toward the
wall of the aorta (9). Once the interventional catheter is in
the ascending aorta, counterpulsation can be resumed.
Inflation and deflation of the IAB does not interfere with
manipulation of the interventional catheter. However, the
operator should remember to suspend balloon operation
temporarily during catheter exchanges.

Balloon Timing

Early Inflation Correct Timing

Correct Timing

Correct Timing

Correct TimingLate Deflation

Early Deflation

Late Inflation

Figure 21.2 The timing of balloon inflation and deflation
is adjusted in the 1:2 mode. The inflation point is moved
rightward (later) until it occurs in late diastole, and the
dicrotic notch is uncovered. The inflation timing is moved
progressively earlier in the cardiac cycle until the dicrotic
notch on the central aortic tracing just disappears. Examples
of early, late, and correct inflation are shown in the top two
tracings. Similarly, the deflation knob is moved leftward (ear-
lier) and then slowly advanced toward the right (later in the
cardiac cycle) until the end-diastolic pressure dips 10 to 15
mm Hg below the patient’s unassisted diastolic pressure.
This will produce a maximal lowering of the patient’s unas-
sisted systolic pressure. Examples of early, late, and correct
deflation timing are shown in the bottom two traces.
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Patient Management During
Counterpulsation

Patients having an IAB are maintained in an intensive care
unit and therefore receive a high level of medical care and
observation. During counterpulsation, it is particularly
important that patients undergo specific evaluations at
least daily for evidence of sepsis, thrombocytopenia,
blood loss, hemolysis, vascular obstruction (i.e., distal leg
ischemia), thrombus, embolus, and vascular dissection.
Mild to moderate thrombocytopenia may occur owing to
platelet destruction, but the platelet count rarely falls
below 50,000 to 100,000/mL unless there is some other
problem such as heparin-induced thrombocytopenia or
disseminated intravascular coagulation. Following bal-
loon removal, the platelet count should rapidly return to
normal (10). 

The level of heparin anticoagulation should be moni-
tored closely, with partial thromboplastin time (PTT)
maintained at 50 to 70 seconds to prevent thrombotic or
embolic complications. Evaluation of the circulation to the
involved limb should be done as often as every 2 hours.
Dorsalis pedis and posterior tibial pulses should be pal-
pated at least every 6 to 8 hours. Use of Doppler probe to
confirm presence of distal pulses is mandatory if these are
not palpable. A chest radiograph should be reviewed daily
during IABP support to ensure that the catheter tip is
properly located at the level of the carina. If balloon posi-
tion has migrated, presence of the protective sheath allows
for repositioning to avoid potential complications of
improper balloon position. If the IAB sits below the rec-
ommended position, renal arteries may be blocked during
inflation. IAB positioning above the recommended posi-
tion can block the subclavian artery or can cause damage
to the aortic arch.

Weaning from Counterpulsation 
and Balloon Removal

Balloon counterpulsation is a temporary support measure.
The balloon is usually removed once the patient’s condi-
tion has stabilized after the acute insult (usually after 24 to
48 hours of pumping). Before removal of an intra-aortic
balloon, patients are weaned progressively from support
by decreasing the counterpulsation mode from 1:1 to 1:2
and then 1:3 counterpulsation. Sufficient time should
elapse between stages to ensure the patient will tolerate a
progressive decrease in the level of hemodynamic support
without exhibiting clinical deterioration. Once the deci-
sion has been made to discontinue IABP support, pump-
ing should be maintained at 1:3 until a clinician is avail-
able to remove the balloon. Once heparin has been
stopped, continuous pumping in the 1:3 mode will reduce
the chance of clot formation, until the clotting parameters
have fallen an ACT �160 seconds or a PTT �50 seconds,
allowing the device to be removed safely.

At the point when the IAB is to be removed, the pump
should be shut off and a 50-mL syringe with stopcock
attached to the balloon inflation port to create a vacuum.
The balloon is then withdrawn. The site is then firmly com-
pressed by hand or with a mechanical compression device
for 30 to 60 minutes. The patient is kept at bed rest, avoid-
ing hip flexion on the involved side, for the next 24 hours.
If the balloon is placed only during an interventional pro-
cedure, the groin site can be managed by use of one of the
groin closure devices or by “pre-close” of the puncture site
with the Perclose suture device (see Chapter 5).

Complications

Data on 16,909 patients undergoing IABP therapy, col-
lected by the Benchmark Counterpulsation Outcomes
Registry (sponsored by Datascope Corp.) between 1996
and 2000 and published in the Journal of the American
College of Cardiology in 2001, showed the incidence of
major complications resulting from the use of an intra-
aortic balloon pump to be 2.8%. The incidence of minor
complications was 4.2%. Major complications were
defined as limb ischemia resulting in a loss of pulse or sen-
sation or abnormal limb temperature or pallor requiring
surgical intervention, severe bleeding requiring transfusion
or surgical intervention, and balloon leak and death
directly attributable to IAB catheter insertion or failure.
Minor complications included such things as limb
ischemia (evidenced by a diminished pulse) that resolves
after catheter removal and nonsevere bleeding involving
either a minor hematoma or some degree of puncture site
oozing (11; Table 21.2). Independent predictors of a major
complication were female gender, age (75 years or older),
and peripheral vascular disease. IABP-related mortality was
0.5% (11; Table 21.3).

Overall complication rates associated with the use of
IABP therapy appear to have declined over the course of
the last 25 years. The introduction of low-profile 8 French
IAB catheters in the late 1990s, no doubt, accelerated this
drop (12). A single-center study of 240 patients receiving
IABP treatment between 1985 and 1990 (10 years prior to
the first publication of the Benchmark Registry data)
showed a 7.5% rate of major complications and an overall
complication rate of 13% (13). Another single-center
European study of patients receiving IABP treatment
between 1989 and 1996 showed the rates to be 4.7% and
10.4%, respectively (14). Despite the significant decline in
balloon-related complication rates, however, complica-
tions can be serious and therefore it is incumbent on oper-
ators to take all possible measures to avoid balloon-related
complications. 

Indications and Contraindications

The changing clinical applications for intra-aortic balloon
counterpulsation have, in many ways, paralleled the
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advances in cardiac surgery and interventional cardiology.
Based on the initial experience by Kantrowitz and others,
IABP was then used as a stand-alone treatment for patients
who had suffered an acute myocardial infarction and had
lapsed into cardiogenic shock. Long-term survival of these
patients, however, was poor. It soon became clear, particu-
larly after it was shown that cardiac catheterization and
angiography could be performed safely during balloon
pumping (15), that IABP plus revascularization might
improve survival. This concept has been supported, but not

proven, in several uncontrolled clinical studies (16–22).
Over time, IABP was used in patients with poor left ventricu-
lar (LV) function undergoing coronary artery bypass grafting
(CABG) or valvular surgery who experienced “stunned
myocardium” and could not be weaned from cardiopul-
monary bypass, as well high-risk CABG patients (e.g., those
with critical left main stenoses). Today, intra-aortic balloon
counterpulsation continues to be used prophylactically in
high-risk surgical patients. Table 21.4 lists indications and
Table 21.5 lists contraindications for IAPB.

SUMMARY OF COMPLICATIONS FROM BENCHMARK REGISTRY
TABLE 21.2 

Diagnostic
Surgery

No Intervention or
Total Catheterization Catheterization Revascularization

Population Only and PCI Only CABG Non-CABG Noted
(n � 16,909) (n � 1,576) (n � 3,882) (n � 9,179) (n � 1,086) (n � 1,186)

In hospital mortality (%) 21.2 32.2 18.4 16.8 37.8 34.1
Mortality—balloon in place (%) 11.6 17.6 10.1 9.2 19.8 20.2
IABP-related mortalitya (%) 0.05 0.1 0.1 0.0 0.0 0.1
Amputationb 0.1 0.0 0.1 0.1 0.1 0.0
Major limb ischemiac (%) 0.9 0.6 0.5 1.2 1.0 0.5
Any limb ischemia (%) 2.9 3.2 1.9 3.5 2.5 1.7
Severe access site bleeding (%) 0.8 0.8 1.2 0.7 0.7 0.3
Any access site bleeding (%) 2.4 2.7 4.4 1.7 1.3 1.4
Balloon leak (%) 1.0 0.9 0.8 1.1 0.5 1.6
Composite outcomes
Major IABP complicationd (%) 2.8 2.8 2.2 3.0 2.9 2.4
Any IABP complicatione (%) 7.0 7.6 7.5 7.1 6.0 5.2
Any unsuccessful IABPf(%) 2.3 2.5 1.7 2.5 2.4 2.7

a Death as direct consequence of IABP therapy. bAll major limb ischemia. cLoss of pulse or sensation, abnormal limb temperature or pallor, requiring
surgical intervention. dBalloon leak, severe bleeding, major limb ischemia, or death as a direct consequence of IABP therapy. eAny access site
bleeding, any  limb ischemia, balloon leak, poor inflation, poor augmentation, insertion difficulty, or death as direct result of IABP therapy. fBalloon
leak, poor inflation, poor augmentation, or insertion difficulty.
CABG, coronary artery bypass graft; IABP, intra-aortic balloon pump; PCI, percutaneous coronary intervention.
From Ferguson JJ 3rd, Cohen M, Freedman RJ Jr, et al. The current practice of intra-aortic balloon counterpulsation: results from the Benchmark
Registry. J Am Coll Cardiol 2001;38:1456–1462.

RISK FACTORS FOR COMPLICATIONS
TABLE 21.3

95%
Estimated Odds Ratio Confidence

Risk Factor (Presence/Absence) Limits P Value

PVD 1.968 1.557, 2.487 �0.001
Female 1.737 1.414, 2.134 �0.001
BSA �1.65 m2 1.453 1.095, 1.926 �0.05
Age �75 yr 1.289 1.048, 1.585 �0.05

The chi-square was highly significant (P � 0.001); however, the concordance index was only 61%. The
following variables were rested, but were not significant: primary intervention, history of diabetes,
previous myocardial infaction, previous coronary artery bypass graft, indications for use (cardiogenic
shock, wean from cardiopulmonary bypass), primary/tertiary care institution, catheter size, and left vessel
main involvement.
BSA, body surface area; IABP, intra-aortic balloon pump; PVD, peripheral vascular disease.
From Ferguson JJ 3rd, Cohen M, Freedman RJ Jr, et al. The current practice of intra-aortic balloon
counterpulsation: results from the Benchmark Registry. J Am Coll Cardiol 2001;38(5):1456–1462.



Chapter 21: Intra-Aortic Balloon Counterpulsation 419

Starting in the early 1980s, IABP was used in conjunc-
tion with angioplasty to stabilize patients prior to an inter-
ventional procedure or as a bailout measure following
unsuccessful early or late closure of a vessel as a way of sta-
bilizing patients for emergency bypass. As stents, platelet
inhibitors, and other additions to the interventional cardi-
ologist’s armamentarium began to emerge in the 1990s,
patients who only a few years earlier would have been
deemed too high risk for angioplasty and referred to
surgery were now treated in the catheterization laboratory.
Here again, just as it had in the early days of surgical revas-
cularization, the availability of balloon pumping played a
role in allowing the clinician to treat many of these cardiac
patients. 

Today the most frequent indications for use of IABP are
hemodynamic support during or after cardiac catheteriza-
tion, particularly in the case of high-risk interventions, and

cardiogenic shock. The next most frequent indications are
in patients failing to wean from cardiopulmonary bypass,
preoperative management of high-risk surgical patients,
and management of patients with refractory unstable
angina (Table 21.6; 11). 

The 1999 task force guideline of the American Heart
Association and the American College of Cardiology listed
Class I indications for use of intra-aortic balloon pump
counterpulsation in the setting of acute myocardial infarc-
tion (MI) as follows: (1) cardiogenic shock as a stabilizing
measure for angiography and prompt revascularization,
(2) acute ventricular septal defect (VSD) or mitral regurgi-
tation (MR) complicating acute MI as stabilizing therapy
for angiography and repair/revascularization, (3) recurrent
intractable ventricular arrhythmias with hemodynamic
instability, and (4) refractory post-MI angina as a bridge to
angiography and revascularization. These indications rep-
resent about half of the IAB usage noted in 5,495 acute MI
patients in the Benchmark Registry reported by Stone et al.
in 2003 (23). A detailed analysis of IABP usage in the
largest series of patients receiving balloon pump support
to date (n � 16,909) was published in 2001 (11).

Clinical Results

Many studies have been conducted to examine the hemo-
dynamic effects of counterpulsation and its benefit in dif-
ferent clinical situations. The number of such studies is too
large to review here, so only an overview of the salient find-
ings shall be presented.

Support and Stabilization of Patients
Undergoing Percutaneous Coronary
Intervention

One of the main uses of IABP continues to be support and
stabilization of patients undergoing percutaneous coro-
nary interventions, particularly those considered at high
risk for major adverse cardiac events (Table 21.6). In recent
years, these risk criteria have included such things as poor
LV function, multiple vessel and left main disease, age
older than 70 years, and prior CABG surgery (24). As inter-
ventionalists have gained more experience in performing
coronary interventions on increasingly complex lesions,
multiple vessels, and in patients with heart failure, there is
a perception among some that the overall need for prophy-
lactic IABP support has declined. These advances notwith-
standing, the benefit of IABP in preventing intraprocedural
adverse events during high-risk percutaneous coronary
interventions (PCIs) for patients with borderline hemody-
namics, ongoing ischemia, or cardiogenic shock has been
recognized by the ACC/AHA Guidelines for Percutaneous
Coronary Interventional Procedures (25). These guidelines
evolved from largely uncontrolled and/or retrospective
analyses of single-center experiences in the use of IABP in
this setting, as summarized below.

INDICATIONS
TABLE 21.4

Hemodynamic compromise
Cardiogenic shock secondary to AMI with continuing ischemia,

VSD, or MR
Cardiogenic shock due to transient ischemia, myocarditis, sepsis,

drug toxicity, etc.
Inability to wean from bypass after cardiac surgery
Hemodynamic support while awaiting transplantation
Severe arrhythmia owing to refractory ischemia

Medically refractory ischemia
Medically refractory unstable angina
Failed PTCA with refractory ischemia

Prophylactic high-risk intervention
High-risk PTCA owing to LV dysfunction and/or large territory at risk 
PTCA during acute myocardial infarction
Stabilization in patients with severe aortic stenosis
Severe multivessel or left main CAD requiring urgent cardiac or

noncardiac surgery 
Large myocardial infarction 

AMI, acute myocardial infarction; CAD, coronary artery disease; LV, left
ventricle; MR, mitral regurgitation; PTCA, percutaneous transluminal
coronary angioplasty; VSD, ventricular septal defect. 

CONTRAINDICATIONS FOR INTRA-AORTIC
BALLOON PUMPING

TABLE 21.5

Significant aortic regurgitation
Abdominal aortic aneurysm
Aortic dissection
Uncontrolled septicemia
Uncontrolled bleeding diathesis
Severe bilateral peripheral vascular disease uncorrectable by

peripheral angioplasty or cross-femoral surgery
Bilateral femoral-popliteal bypass grafts for severe peripheral

vascular disease
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In a study by Briguori et al. (26) of 133 consecutive elec-
tive PCI patients with left ventricle ejection fraction (LVEF)
�30%, 61 received prophylactic IABP prior to the proce-
dure. The remaining patients received elective IABP at the
discretion of the operator. A jeopardy score based on coro-
nary angiograms was calculated for each patient to quan-
tify the amount of myocardium at risk. The overall inci-
dence of intraprocedural major adverse cardiac events was
significantly less in the group that received prophylactic
IABP support (17% versus 0%). Among those patients in
both groups with a jeopardy score of 6 or less, the rate of
intraprocedural events was similar. Predictors of intrapro-
cedural events were shown to be elective (versus prophy-
lactic) IABP, female sex, and a jeopardy score of 6 or
higher. 

The National Registry of Supported Angioplasty
reported the results in 801 patients with supported or
standby supported angioplasty. Patients older than age 70
or with left main coronary artery (LMCA) stenosis are at
higher risk, and those with LVEF �20% do better with pro-
phylactic support. However, those with �50% of myo-
cardium in jeopardy and low ejection fraction can undergo
intervention with a 7.2% in-hospital mortality with either
prophylactic or standby IABP support (27). With standby
CPS support, the in-hospital mortality for a similar group
of patients is 6.0% (28). A nonrandomized comparison of
prophylactic intra-aortic balloon pumping with prophylac-
tic cardiopulmonary support did not reveal any difference
between the two support techniques in MI, stroke, emer-
gency bypass surgery, or death, but did show a higher rate

of peripheral vascular complication in the CPS group (29).
This would seem to suggest that mortality is more a func-
tion of the baseline characteristics of the patient than of
the particular support device used. 

A retrospective analysis of 159 consecutive high-risk
patients undergoing rotational atherectomy revealed that
the 28 patients with elective preprocedure IABP placement
had the same occurrence of slow flow (18% versus 17%),
equal hospital stay, and similar vascular complication rate.
However, among the patients developing slow flow, there
were no non-Q wave MIs in the IABP group, as compared
with 27% in the control group (30).

Cardiogenic Shock

Cardiogenic shock remains the leading cause of death in
patients with acute MI who reach the hospital alive (31). In
two large studies, the Worcester Heart Attack Study (n �

4,762) and the GUSTO-1 trial (n � 41,021), the incidence
of cardiogenic shock in those acute MI patients who
reached the hospital alive were 7.5% and 7.2%, respec-
tively. In-hospital mortality among those with cardiogenic
shock in the community-based Worcester Heart Attack
Study was 77.7% compared with 13.5% for those without
cardiogenic shock. In-hospital survival in this study did not
improve during the time of the study (1975–1988). In-hos-
pital mortality in the GUSTO-1 trial was 55% for those who
arrived at the hospital in shock, 57% for those who devel-
oped shock after they were admitted, and 3% for those
without shock (32,33). A subsequent analysis of the 89% of

USES OF IABP FROM THE REGISTRY
TABLE 21.6 

Diagnostic
Surgery

No Intervention or
Total Catheterization Catheterization Revascularization

Population Only and PCI Only CABG Non-CABG Noted
(n � 16,909) (n � 1,576) (n � 3,882) (n � 9,179) (n � 1,086) (n � 1,186)

Suppurt and stabilization (%) 20.6 21.4 54.4 9.7 5.0 7.8
Cardiogenic shock (%) 18.8 33.1 23.7 12.3 23.8 29.4
Weaning from cardiopulmonary 16.1 0.4 0.1 24.9 31.4 7.1

bypass  (%)
Preop: high-risk CABG (%) 13.0 4.6 0.2 22.1 6.4 1.9
Refractory unstable angina (%) 12.3 15.3 8.3 15.8 2.2 3.0
Refractory ventricular failure (%) 6.5 9.1 2.5 5.9 15.7 12.7
Mechanical complication owing to 5.5 9.8 7.0 4.2 5.2 5.1

AMI (%)
Ischemia related to intractable 1.7 1.6 1.5 1.9 1.7 1.6

VA (%)
Cardiac support for high-risk 0.9 2.1 0.2 0.5 4.3 1.1

general surgery patients (%)
Other (%) 0.8 0.7 0.2 0.8 2.5 2.0
IIntraoperative pulsatile flow (%) 0.4 0.1 0.1 0.7 0.5 0.2
Missing indication (%) 3.3 1.8 1.9 1.2 1.5 28.1

AMI, acute myocardial infarction; CABG, coronary artery bypass grafe; PCI, percutaneous coronary intervention; VA, ventricular arrhythmias.
From Ferguson JJ 3rd, Cohen M, Freedman RJ Jr, et al. The current practice of intra-aortic balloon counterpulsation: results from the Benchmark
Registry. J Am Coll Cardiol 2001;38:5: 1456–1462.
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shock patients in GUSTO-1 who developed shock follow-
ing their arrival at the hospital showed that age was the
strongest predictor of shock after admittance. A 47%
increased risk of developing shock was associated with each
10-year increase in age. A simple and reliable scoring algo-
rithm for predicting the development of cardiogenic shock
based on age and physical examination of the patient on
arrival at the hospital resulted from the analysis (34).

Current treatment strategies for patients in cardiogenic
shock in the setting of acute myocardial infarction usually
include the use of (1) inotropes and pressor agents to
counter LV dysfunction and hypotension and help stabilize
the patient until hemodynamic support can be initiated;
(2) IABP hemodynamic support, which increases coronary
blood flow and collateral circulation; and finally, (3)
definitive revascularization, either PCI or CABG. Use of
IABP has been associated with improved survival in
patients experiencing cardiogenic shock following acute
MI (35). Other studies have shown a survival benefit in
patients with cardiogenic shock who received thrombolyt-
ics and IABP versus thrombolytics alone (36). 

Studies have shown a significant survival benefit in
patients with acute infarction accompanied by cardiogenic
shock who received IABP and thrombolytics compared
with thrombolytics alone, 93% versus 37% (37), and 67%
versus 49% (38). A subgroup analysis of 310 patients pre-
senting with shock in the international multicenter
GUSTO study revealed a wide disparity in the use of the
IABP. This study revealed a trend toward a lower 30-day
and 1-year mortality in patients receiving counterpulsation
therapy, �80% of whom were from the centers in the
United States. Despite the trend toward improved survival,
however, IABP appears to be underused with only one
third of cardiogenic shock patients presenting to U.S. cen-
ters undergoing IABP insertion (39). Aggressive diagnostic
and therapeutic interventions in the United States com-
pared with non-U.S. centers included IABP use (35% ver-
sus 7%), PTCA (26% versus 8%), and cardiac catheteriza-
tion (58% versus 23%) and was accompanied by a lower
30-day mortality (50% versus 66%) and 1-year mortality
(56% versus 70%; 40).

In the absence of early revascularization, mortality from
cardiogenic shock remains high, approaching 85% in some
reports. Even with early revascularization, mortality in those
diagnosed with cardiogenic shock is approximately 50%
(31). Patients with multiple infarctions or serious comor-
bidity, those requiring mitral valve replacement or repair
for concomitant mitral regurgitation, and those with coro-
nary anatomy that is unfavorable for bypass have the worst
prognosis with surgery (41). Nonrandomized studies, in
which the survival in patients with successful revasculariza-
tion is compared with those patients in whom no attempt
was made or the attempt failed, have all shown a much
worse survival in the latter group. 

Accordingly, the ACC/AHA Guidelines for the Man-
agement of Patients with Acute Myocardial Infarction rec-

ommend IABP when cardiogenic shock cannot be quickly
reversed with pharmacologic therapy (42,43): 

Class I 
1. Cardiogenic shock not quickly reversed with phar-

macologic therapy as a stabilizing measure for
angiography and prompt revascularization 

2. Acute mitral regurgitation or VSD complicating MI
as a stabilizing therapy for angiography and
repair/revascularization 

3. Recurrent intractable ventricular arrhythmias with
hemodynamic instability 

4. Refractory post-MI angina as a bridge to angiography
and revascularization 

Class IIa
1. Signs of hemodynamic instability, poor LV function,

or persistent ischemia in patients with large areas of
myocardium at risk 

Class IIb
1. In patients with successful PTCA after failed throm-

bolysis or those with three-vessel coronary disease to
prevent reocclusion 

2. In patients known to have large areas of myocardium
at risk with or without active ischemia 

Counterpulsation has also produced favorable responses
in patients with shock owing to a nonischemic cause. In a
reported series of noncoronary shock patients, most with
acute myocarditis, IABP was inserted in ventilated patients
failing pharmacologic support. Three to four days of coun-
terpulsation was sufficient to allow adequate recovery of
ventricular function in 25% of the patients. The remainder
required a left ventricular assist device or biventricular sup-
port device for 3 to 79 days. At follow-up (7 to 54 months),
all patients had recovered normal ventricular function and
were asymptomatic, suggesting that patients with severe
noncoronary shock may be supported for up to several
weeks before transplantation is considered (44). However,
it is emphasized that there are no prospective, randomized
studies of IABP in this group of patients.

High-Risk CABG/Weaning
from Cardiopulmonary Bypass

Almost from the outset and continuing to the present, bal-
loon pumping has been used to support surgical patients
who experience preoperative or postoperative hemodynamic
instability and to improve clinical outcomes in high-risk
patients undergoing coronary artery bypass grafting. Those
CABG patients with poor LV function and left main disease
have frequently been characterized as high risk. There contin-
ues to be some debate on benefits of preoperative versus
perioperative or postoperative balloon pump support. 

A study by Christenson et al. (45) defined high risk
coronary surgical patients as those who present with two or
more of the following preoperative criteria: left ventricular
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ejection fraction �0.30, left main stenosis �70%, unstable
angina at the time of surgery despite optimal medical treat-
ment, diffuse coronary disease requiring four or more dis-
tal anastomoses to achieve complete revascularization and
reoperation. In this observational study, preoperative IABP
was associated with lower in-hospital mortality compared
with those receiving IABP postoperatively. Earlier studies
by Christenson et al. demonstrated reduced ICU and hos-
pital length of stay with preoperative IABP. More recently,
preoperative IABP has also proved valuable in improving
outcomes for high-risk patients undergoing off-pump coro-
nary artery bypass grafting (OPCABG; 46,47).

Unstable Angina

Patients with medically refractory unstable angina con-
tinue to make up a large proportion of those treated by
balloon pumping. During counterpulsation, they may
exhibit only a modest decrease in peak systolic pressure
and in left ventricular filling pressure with unchanged car-
diac output, left ventricular volumes, ejection fraction, and
regional contraction, as determined by angiographic
chordal shortening (48). In patients with anterior wall
ischemia, measurements of coronary sinus flow from the
ischemic area may improve with counterpulsation, but this
is not a uniform response (49). 

There are two large multicenter randomized trials of
counterpulsation to maintain patency of the infarct related
artery. The first, reported in 1994, confirmed the benefit of
this strategy (50). Patients with restored patency within 24
hours of their acute infarction were randomly assigned to
standard therapy or to 48 hours of counterpulsation.
Repeat angiography was performed on day 5. Reocclusion
was present in 8% of the IABP patients, but in 21% of those
receiving standard care who also were almost twice as
likely to suffer death, stroke, or a recurrent ischemic event
(50). These results were good news to cardiologists seeking
methods to prevent abrupt vessel closure in the prestent
era. Today, of course, the availability of stents and other
new PCI-related treatment modalities have dramatically
reduced the rate of abrupt vessel closure following PCI and
hence the need for IABP as an adjunctive/protective mea-
sure to maintain patency of the treated vessel (51).

Emergent CABG for Failed PCI

The need for emergency CABG following PCI has decreased
significantly over time (see Chapter 22). A review of
18,593 patients undergoing PCI between 1992 and 2000
showed the rate of emergency CABG falling from 1.5% in
1992 to 0.14% in 2000. A total of 113 (0.61%) patients
required emergency CABG. Major indications were exten-
sive dissection followed by perforation/tamponade and
recurrent acute closure (52). An earlier analysis of 9,145
patients undergoing PTCA documented a decline in the
incidence of emergency CABG from 3.8% to 2.3% between

1980 and 1990 and has decreased further (approximately
0.2% in the coronary stent era (see Chapters 22 and 23).
Mortality associated with emergency bypass surgery here,
however, rose from 4.6% to 7.6%. The major determinant
of in-hospital mortality following emergent surgery for
failed PTCA in this group was hemodynamic status at the
time of surgery. Patients requiring cardiopulmonary resus-
citation or those in shock had a mortality of 28% (13 of
46); whereas those with stable hemodynamics at the time
of emergent CABG had a mortality of only 1.4% (3 of
207). Preoperative IABP use increased from 13% in the
period 1980 to 1985 to 33% in the period 1985 to 1990.
Late survival was excellent—92% at 2 years and 87% at 5
years (53).

Bridge to Cardiac Transplantation

The intra-aortic balloon has been successful in selected
cases at maintaining severely decompensated patients
awaiting suitable donor hearts. Although the support is
less substantial than that delivered by the cardiopul-
monary support system or ventricular assist device, IABP is
more easily maintained over the intermediate term and
may be enough to supply the required degree of hemody-
namic support. IABP insertion techniques have been devel-
oped in recent years, including use of a vein cuff sewn to
the axillary artery, that sidestep problems associated with
long-term femoral IAB placement and preserve patient
mobility during the waiting period for a donor heart
(54–56).

Enhanced External Counterpulsation 

Enhanced external counterpulsation (EECP; 57,58) is a
noninvasive outpatient therapy used primarily today to
treat patients with chronic stable angina. The therapy uses
three pairs of large inflatable cuffs that are wrapped around
a patient’s calves, thighs, and buttocks and sequentially
inflated at the onset of diastole in 50-millisecond intervals
to produce a retrograde pressure wave back to the heart.
The cuffs are then simultaneously and rapidly deflated just
prior to the start of systole. Treatment is usually given
1 hour per day, 5 days a week for a period of 7 weeks for a
total of 35 1-hour treatments. Inflation and deflation of
the cuffs is triggered by the ECG and is based on the same
timing principles as those used for intra-aortic balloon
pumping. The hemodynamic effects of EECP have been
shown to be similar to those of IABP, with EECP conferring
the added benefit of increased venous return. A recent
study documented the acute hemodynamic effects of EECP
using invasive monitoring. This study showed that EECP
increases diastolic and mean pressures and reduces systolic
pressure in the central aorta and the coronary artery. The
clinical effectiveness of EECP in chronic stable angina and
other settings such as acute and chronic heart failure is cur-
rently under investigation. This technique may, in the
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future, find application in some settings where IABPs are
now being used.

LEFT VENTRICULAR SUPPORT

Although intra-aortic balloon pumping is considered the
standard of care for many conditions requiring hemody-
namic support, there are no randomized studies in any set-
ting to prove that this approach provides clinical benefit.
This probably reflects the development and widespread
adoption of IABP prior to the time when the U.S. Food and
Drug Administration regulated the medical device indus-
try. For the case of cardiogenic shock, however, it is widely
appreciated that the amount of hemodynamic support
provided by IABPs is not always sufficient to compensate
for the impaired left and/or right ventricular pumping
capacity. In addition, IABP is not generally suitable for
long-term application in patients with chronic irreversible
heart failure. This has motivated development of alternate
approaches to providing short-term (several days) and
long-term (weeks, months, or years) circulatory support.

Short-Term Circulatory Support

Over 50,000 patients with myocardial infarction surviving
to hospital admission in the United States demonstrate sig-
nificant hemodynamic compromise and are in need of
hemodynamic support. Many of these patients are treated
at tertiary care centers where advanced treatments are not
available. In addition, increasing numbers of patients with
chronic heart failure present with acute or subacute hemo-
dynamic compromise in need of such support. Although,
as detailed above, medical treatment with intravenous
inotropes followed by use of the IABP is considered the
first line of treatment, these strategies are frequently not
effective. Because of the urgency of the situation, these
patients are not readily eligible for treatment with
advanced forms of ventricular assist (described below), nor
are such treatments necessarily warranted. Therefore, sev-
eral devices are in various phases of development to pro-
vide short-term ventricular assist. In addition to their
possible use in patients with cardiogenic shock, such
devices with increased flow capacity are also being studied
to support the high-risk PCI procedures and to reduce
infarct size in the setting of acute myocardial infarction.

Percutaneous Cardiopulmonary Support 

Percutaneous cardiopulmonary support (CPS) is one form
of mechanical circulatory assist that has been available for
many years. It is analogous to the heart–lung machine
used during open heart surgery in that a pump withdraws
deoxygenated blood from a venous cannula and pumps it
through a heat exchanger, a membrane oxygenator, and
finally, through a femorally placed arterial cannula back to

the aorta. Both femoral and arterial cannulae can be
inserted percutaneously. These devices can completely sup-
port the circulation for up to about 6 hours, after which
platelet aggregation, hemolysis, bleeding, and increased
capillary permeability with plasma loss may become
problematic. Such devices have been used in the settings
of cardiac arrest, cardiogenic shock, and high-risk PCI. In
the latter application, it has been used both prophylacti-
cally (i.e., inserted electively prior to PCI) and in a standby
mode in which CPS equipment and personnel are avail-
able in the cardiac catheterization laboratory should
hemodynamic collapse develop. When inserted following
development of hemodynamic collapse, the time delay
prior to institution of hemodynamic support appears to be
associated with a detrimental impact on survival
(28,59–63). Accordingly, the application of CPS is most
effective when used in the catheterization laboratory that is
already prepared for insertion and technical support (63),
and use in other settings is rare.

In addition, as interventional catheter techniques have
advanced, the necessity for prophylactic support with a
device that provides the magnitude of support provided by
CPS has diminished. This reduction in use is substantiated
by a retrospective comparison of outcomes in patients
undergoing high-risk angioplasty who either received pro-
phylactic CPS or were part of a control group for whom
CPS was readily available (standby group). This study
showed a need for use of CPS in �10% of patients in the
standby group with comparable procedural success in both
groups, but an increased rate of femoral access complica-
tions and the requirement for transfusion in the prophy-
lactic group (28). Thus, in the current interventional era, the
full hemodynamic support provided by CPS is rarely necessary,
and the continuous technical backup required for operation of
the CPS device and availability of increasingly simpler devices
are major impediments to widespread use.

TandemHeart

Another device currently approved for short term (6 hours)
support is the TandemHeart percutaneous ventricular assist
device (Cardiac Assist, Pittsburgh PA, Fig. 21.3A). This
device consists of an extracorporeal centrifugal (continu-
ous flow) pump that withdraws blood from the left atrium
(via a 21 French trans-septal cannula) introduced via the
femoral vein (see Chapter 4). Blood is then pumped by
the device (at �3.5 L/minute), and delivered into one or
both femoral arteries through 15 to 18F cannulae (64–66).
The pump thus functions in parallel with the left ventricle
in moving blood from the left atrium to the aorta.

Preliminary results showed that this device can improve
hemodynamics in patients with cardiogenic shock caused
by myocardial infarction and other causes. Studies also
showed a reduction in serum lactate levels, an indication
that there is improved tissue perfusion and oxygenation,
and thus reversal of the cardiogenic shock state. In a more
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recent study, 41 patients with cardiogenic shock owing to
acute myocardial infarction failing medical treatment were
randomized to treatment with either an IABP or the
TandemHeart assist device (67). In both groups, patients
were supported for an average of approximately 3.5 days.
The IABP had almost no effect on hemodynamics, but the
TandemHeart device significantly increased cardiac output
and blood pressure while significantly decreasing pul-
monary capillary wedge pressure and serum lactate.
Despite these clear improvements in multiple clinically
important parameters, however, short-term (i.e., death dur-
ing support) and 30-day mortality rates were comparable:
approximately 20% and approximately 43%, respectively,
in both groups. Also, compared with IABP, use of the
TandemHeart device was associated with a greater inci-
dence of certain adverse effects (such as lower limb
ischemia and bleeding); however, none of these adverse
events appeared to contribute importantly to mortality.

Although that study was underpowered to detect what
could be a clinically significant reduction in mortality
(which could take as many as several hundred patients per
group), it is also possible that lack of mortality benefit has
potential important implications. Specifically, Hochman
(68) has suggested that reversal of the hemodynamic derange-

ments of cardiogenic shock may not address all the critical
underlying pathophysiologic abnormalities. Other abnor-
malities, such as elevated inflammatory cytokines and ele-
vated inducible nitric oxide synthase (iNOS), with conse-
quent increased levels of NO and peroxynitrite, could
contribute importantly to morbidity and mortality in car-
diogenic shock and do not appear to be reversed with
restoration of a more normal hemodynamic state. This
suggests that addition of other treatments in combination
with effective hemodynamic support may yield better
results.

Other Support Devices

Although the TandemHeart system is readily inserted by a
skilled interventionalist trained in trans-septal puncture,
other devices are being developed that do not require such
puncture. One device, available in Europe and under study
in the United States, is the Impella Recover System
(Impella Cardio System AG, Aachen, Germany; Fig. 21.3B;
69–71). This system has an electromagnetic motor directly
coupled to a helical impeller located near the tip of a
catheter. When the “snorkel” at the tip of the catheter is
placed across the aortic valve and into the left ventricular

A B C

Cannula in the
left atrium

TandemHeart
pVAD

Figure 21.3 Three types of percutaneously deployable, catheter-based temporary ventricular
assist devices that are in various stages of evaluation. A. The Cardiac Assist TandemHeart system
uses a centrifugal pump connected to a trans-septal catheter to withdraw blood from the left atrium
and pumps it back to the femoral artery. B. The Impella Recover system uses a miniature rotary motor
that spins an impeller, all mounted on the tip of a catheter, to draw blood through a cannula with an
inflow port in the LV and outflow port in the proximal aorta. C. The A-Med percutaneous ventricular
assist device uses an externally powered motor to rotate a cable inside a catheter, which in turn
rotates a propeller to draw blood through a distal cannula whose inflow port is positioned inside the
LV and outflow port is positioned in the descending aorta.
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chamber, the motor rotates the impeller at �50,000 to
90,000 rpm, drawing left ventricular blood into the distal
end of the catheter, passing it though a short cannula, and
discharging it into the ascending aorta. Two systems are
under development, a 20F device (capable of pumping
5.0 L/minute, via surgical insertion into the thoracic aorta)
and a 12F device (capable of pumping 2.5 L/minute, via
percutaneous insertion). Preliminary data suggest that this
type of device provides better unloading of the left ventri-
cle (more enhancement of forward flow and mean arterial
pressure, and greater reduction in left ventricular systolic
work/oxygen demand) than the IABP, and the clinical effects
of this better unloading are currently under study.

Another percutaneously deployable device is the A-Med
percutaneous ventricular assist device (A-Med System, West
Sacramento, CA; Fig. 21.3C) that is based on an already
available right heart support system (72). This device is
fashioned after a prior system called the Hemopump
(73–75) and consists of a percutaneously inserted cannula
into which a driveline with distal propeller is inserted. The
propeller sits approximately 10 cm from the distal tip. An
electromagnetic motor that sits outside the body rotates
the driveline, creating a pressure gradient between the left
ventricle and aorta that pumps blood. The device is a 16F
device that is designed to pump approximately 3.5L/
minute.

Although we have thus far focused on the use of these
percutaneously deployable devices to treat cardiogenic
shock, these devices can also be used to provide hemody-
namic support during high-risk percutaneous coronary
interventions (66,74). The availability of drug-eluting
stents has resulted in more widespread application of PCI,
including in patients who would ordinarily be considered
to be at high risk of adverse events during PCI, including
left main lesions and multivessel disease in patients with
impaired left ventricular function. As discussed above,
IABPs have been used at the discretion of the operator for
this application, and specific recommendations are avail-
able (25), although no randomized studies have yet been
performed to indicate that this strategy improves patient
outcomes. For more extreme cases, cardiopulmonary
bypass has been used (28,76,77). However, availability of
easily deployable, hemodynamically effective pumps could
conceivably be used to support high-risk PCI cases. 

Another potential application of percutaneous hemody-
namic support is to unload the left ventricle during a
myocardial infarction with the goal of reducing energy
demands and thus reducing infarct size. Fig. 21.4A com-
pares the effects of an IABP and a percutaneous ventricular
assist device on ventricular and aortic pressures, ventricular
volumes, and left ventricular pressure-volume loops. The
IABP enhances blood pressure during diastole and reduces
systolic ventricular pressure, but does not significantly
influence ventricular volumes. In contrast, the percuta-
neous assist device markedly reduces ventricular volumes
and preload, and reduces peak ventricular pressure while

increasing aortic systolic and diastolic pressures. The
marked difference in hemodynamic effects of these two
types of devices is shown dramatically in the pressure-
volume loops in Fig. 21.4B. Compared with the subtle
effects of the IABP, the percutaneous assist device markedly
unloads the heart (decreased preload and afterload vol-
umes and pressures), reduces the work of the LV (area
inside the loop), and therefore decreases myocardial oxy-
gen consumption (78). Indeed, use of this device in an
experimental model of acute coronary ligation has resulted
in marked reduction in myocardial infarct size (71).

Thus, although IABP is commonly used in a number of
clinical settings, efforts to develop devices that provide
more potent hemodynamic support are under develop-
ment. Such devices, possibly coupled with new medical
approaches, may improve outcome in cardiogenic shock, a
condition associated with mortality rates reported in the
literature ranging between 40 and 80%. These devices have
other potential applications and appear to more potently
provide pressure and volume ventricular unloading.
Whether the use of such devices will be associated with
better clinical outcomes remains to be determined.

Long-Term Circulatory Support

A number of devices have been developed to provide full
circulatory support for extended periods in patients with
end-stage heart failure. These are electrically or pneumati-
cally powered pumps that are implanted surgically. Several
devices use extracorporeal systems (e.g., the Thoratec
Ventricular Assist Device and the Abiomed BVS 5000,
Abiomed, Danvers, MA) and are intended for intermediate-
term applications (days to weeks). These devices can be
used to provide left and/or right ventricular support as
required by individual patient needs. Other devices use
pumps that are implanted in the body (HeartMate II,
Thoratec, Pleasanton, CA; Novacor Left Ventricular Assist
System, Baxter Health Care Corp., Deerfield, IL; AbioCor,
Abiomed, Danvers, MA; and others) and have been used for
extended times (months to years). Although powered exter-
nally through lines that cross the skin, these pumps allow
patients to ambulate with many patients able to enjoy an
active lifestyle. Most left ventricular assist devices are con-
nected to the left ventricle via an inflow conduit placed in the
left ventricular apex, returning blood through an outflow
conduit that is connected to the proximal aorta (Fig. 21.5).

Broadly speaking, there are three clinical applications of
these devices: (1) bridge to transplant, (2) bridge to recov-
ery, and (3) destination therapy. Two internally implanted
devices are currently approved for the bridge to transplant
indication (HeartMate and Novacor). When used in trans-
plant-eligible patients at high risk of death, these devices
are associated with improved survival to transplant (79).
In the course of using devices in this manner, it was
learned that hearts of patients supported could normalize
size, structure, and function, on some occasions permitting
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Figure 21.4 A. Aortic and left ventricle (LV) pressure (top), LV volume (center), and aortic flow
(bottom) measured in an animal model prior to and during support with either an intra-aortic balloon
pump or an Impella Recover system. IABP reduces systolic aortic and LV pressures but increases aor-
tic pressure during diastole, thus improving coronary blood flow and oxygen supply. The continuous
flow Impella system reduces systolic pressure with relatively little effect on diastolic pressure, but
the LV volume is markedly reduced. B. Left ventricular pressure-volume loops corresponding to trac-
ing of view A. The loops demonstrate the profound pressure and volume unloading provided by the
continuous flow system, thus markedly reducing pressure-volume area (73) and thus reducing oxy-
gen demands of the LV. This contrasts with the effects of the IABP, which, on the pressure-volume
diagram, provides mainly a relatively small effect on peak systolic pressure and therefore relatively
little influence on oxygen demand. (Tracing provided courtesy of Dr. FH van der Veen, PhD,
Department of Cardiothoracic Surgery, Maastricht, The Netherlands.)
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device removal without the need for cardiac transplant
(80–83). This remarkable phenomenon, referred to as
reverse remodeling, has lead to the appreciation that even
the end-stage failing heart has the capacity to recover func-
tion if the hemodynamic and neurohormonal stresses of
chronic heart failure are relieved to a sufficient degree and
for a sufficient time. This has lead to the concept that such
devices can be used in a critically ill patient to allow recovery
of heart function. Once the heart recovers, the device could
be removed without the need for transplantation, the so-
called bridge to recovery application. However, research has
shown that the heart failure state recurs in many patients
who have undergone device removal after showing recovery
of ventricular function (84,85). There is no approved indica-
tion for the use of any ventricular assist device as a bridge to
recovery, but this remains an area of active research. More
recently, the HeartMate II ventricular assist device has been
approved as a permanent treatment in critically ill patients
not eligible for heart transplantation, the so-called destina-
tion therapy. It was shown that 2-year survival was improved
from �10% to approximately 25% (86). However, this was
at the cost of a relatively high rate of neurologic bleeding,
strokes, peripheral embolic events, and infections, among
other adverse effects. Therefore, use of this device as destina-
tion therapy is not currently widespread.

In an effort to improve outcomes in destination therapy,
a number of new devices are currently under development

and in various stages of clinical testing. These include
devices that are smaller (and therefore in principal involve
less invasive implantation surgeries) and devices in which
all components are implanted beneath the skin to elimi-
nate the infections associated with lines crossing the skin.
Finally, one device under development and testing (the
AbioCor Implantable Replacement Heart) is a totally
mechanical heart that replaces the entire heart (as with a
transplant; 87). Early experience was associated with a
high rate of adverse effects, and a second generation device
is now being tested.

Development of permanent ventricular assist devices
has been pursued for �30 years and in many ways can still
be considered to be in its infancy. Remarkable progress has
been made, and the lives of many patients have been influ-
enced. Progress will continue to make these devices more
reliable, less invasive, and therefore safer and more widely
available to the increasing number of patients who could
benefit from such technology.
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Dotter and Judkins (1) first proposed the concept of trans-
luminal angioplasty—enlargement of the lumen of a
stenotic vessel by a catheter technique in 1964. They
advanced a spring-coil guidewire across an atherosclerotic
arterial stenosis and left this wire in place to serve as a rail
over which a series of progressively larger rigid dilators
were advanced to enlarge the vessel lumen. This Dotter
technique proved effective in peripheral arteries, but the
need to insert large-caliber rigid dilators through the arte-
rial puncture (and the high shear forces applied by the
dilators as they crossed the atherosclerotic lesion) ulti-
mately restricted clinical application. In 1974, Gruentzig
(2) replaced the series of rigid dilators with an inflatable
nonelastomeric balloon mounted on a comparatively
smaller catheter shaft. As such, the tip of the balloon
catheter could be introduced percutaneously, advanced
across a vascular stenosis in its smaller (collapsed) state,
and then inflated with sufficient force to enlarge the
stenotic lumen. Although others had speculated about the
possibility, Gruentzig was the first to refine balloon angio-
plasty into a usable clinical tool, through a series of exper-
iments in animals, cadavers, peripheral arteries, and the
coronary arteries of patients undergoing bypass surgery.
This culminated in the first percutaneous transluminal
coronary angioplasty (PTCA) of a stenotic coronary artery
in a conscious human (September 16, 1977; 3).

PTCA remained the only catheter-based revasculariza-
tion technique in widespread use until the mid-1990s,
when a series of other modalities including atherectomy
and stenting (see Chapters 23 and 24) were introduced. To

recognize the inclusion of these additional modalities, the
technique is now more commonly referred to as percuta-
neous coronary intervention (PCI) and now stands as the
dominant form of coronary revascularization. Its wide-
spread adoption has transformed the field of invasive car-
diology (i.e., diagnostic cardiac catheterization as dis-
cussed in the initial chapters of this text), into the new
field of interventional cardiology (use of cardiac catheters to
deliver therapy). This chapter will review the basic equip-
ment, techniques, and results of coronary angioplasty, as
well as the utility of PTCA and PCI in specific clinical and
anatomic situations, as a historical and conceptual founda-
tion for the entire field of catheter-based percutaneous
coronary intervention. 

HISTORY

After Gruentzig’s pioneering cases in 1977, most cardiolo-
gists viewed the new technique of balloon angioplasty with
a great deal of skepticism. But a small group of cardiologists
around the world recognized the great potential it might
hold (4). In 1979, they met to form a registry of all coro-
nary angioplasty cases worldwide under the sponsorship
of the National Heart, Lung, and Blood Institute (NHLBI).
That registry grew to 3,000 cases by 1981, although no
more than 1,000 angioplasties were performed in any
given year during that period. From these humble begin-
nings, progressive improvements in equipment and tech-
nique have produced dramatic growth in percutaneous



transluminal coronary angioplasty (PTCA) and transformed
it into the dominant form of coronary revascularization
(Fig. 22.1). By 1990, the annual number of coronary angio-
plasty procedures in the United States rose to 300,000,
equaling the annual number of bypass surgeries. By 2000,
catheter-based coronary revascularization was performed
in more than 800,000 patients with ischemic syndromes
owing to anatomically suitable coronary artery lesions,
compared with some 350,000 who underwent bypass
surgery. Currently, some 1,000,000 PCI procedures are per-
formed annually in the United States (5), with a similar
number of coronary interventions performed outside of
the United States, making it one of the most common pro-
cedures worldwide. 

Over the past decade, however, the central role of bal-
loon dilation has become much less prominent as a stand-
alone treatment. It now serves mostly as an adjunctive
means of preparing for (i.e., predilating) or perfecting (i.e.,
postdilating) a coronary lesion during a stent placement or
atherectomy procedure. Despite progressive broadening
in its clinical and anatomic indications, the use of these
newer interventional devices and adjunctive antithrom-
botic pharmacology (see Chapter 3) have improved the suc-
cess rate of PCI to 98%, the procedural mortality to roughly
1%, the emergency bypass rate to �0.5%, and a 1-year
recurrence rate to �10%.

EQUIPMENT

A coronary angioplasty system consists of three basic com-
ponents (Fig. 22.2): (a) a guiding catheter, which provides

stable access to the coronary ostium, a route for contrast
administration, and a conduit for the advancement of the
dilatation equipment; (b) a leading guidewire that can be
passed through the guiding catheter, across the target
lesion, and well into the distal coronary vasculature to pro-
vide a rail over which a series of therapeutic devices can be
advanced; and (c) a nonelastomeric balloon dilatation
catheter filled with liquid contrast medium. Technologic
advances generate improvements in specific equipment
each year, so any detailed description of current products
would be outdated too soon to be of value here, but some
general principles remain.

Guiding Catheters 

Guiding catheters remain a crucial component in PTCA.
The original guiding catheters were thick-walled 10 and 11F
tubes that had small lumens, minimal torque control, and
sharp edges. In contrast, current guiding catheter designs
more closely emulate the performance of diagnostic coro-
nary angiographic catheters. To allow passage of therapeu-
tic instruments, however, guiding catheters must have a
lumen diameter at least twice that of a typical diagnostic
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Figure 22.1 Early growth in the number of coronary angioplasty
procedures (PTCA) is shown by the bottom (stippled) band,
increasing from less than 1,000 per year in 1979–1981 to more
than 300,000 per year by 1991. This was then similar to the annual
number of bypass operations (CABG, cross-hatched band ) and the
number of patients remaining on medical therapy after roughly
1,000,000 diagnostic catheterizations. By 2004, the number of
annual catheterizations in the United States had grown to approxi-
mately 2 million, with roughly 50% (1 million) of the patients who
underwent diagnostic cardiac catheterization being referred for per-
cutaneous coronary intervention and roughly 20% (400,000) being
referred for bypass surgery. (From American College of Cardiology;
also American Heart Association. 2004 Heart and Stroke Statistical
Update. Dallas, TX; American Heart Association, 2003.)

Figure 22.2 Components of the coronary angioplasty system.
The original Gruentzig fixed guidewire balloon (A) compared
with the steerable guide wire system (B). Although both are
advanced through a guiding catheter positioned in the coronary
ostium, neither the wire shape nor its orientation could be
changed once the original Gruentzig catheter was introduced,
whereas the steerable design allows the guidewire to be ad-
vanced, withdrawn and reshaped, and steered independently of
the balloon catheter to select the desired vessel. Once in place in
the distal vessel beyond the target lesion, the guidewire serves
as a rail over which the angioplasty balloon or other device can
be advanced. (From Willerson JT, ed. Treatment of Heart Diseases.
New York: Gower Medical, 1992.)



catheter (e.g., 0.076-inch [2 mm] versus 0.038-inch [1 mm]).
To achieve this lumen in a catheter whose outer diameter is
as small as 6F (2 mm, or 0.080 inch), the catheter walls
must be very thin (�0.12 mm, or 0.005-inch). Yet the
catheter must still incorporate a Teflon liner to reduce fric-
tion, metal or plastic braid to transmit torque and provide
sufficient stiffness to offer backup support during device
advancement, and a smooth outer coating to resist throm-
bus formation. The complexity of this design goal requires
use of special materials whose properties are typically var-
ied along the length of the catheter to optimize the balance
between support and flexibility at each point. Most guiding
catheters now also include a very soft material in the most
distal 2 mm of the catheter to reduce the chance of vessel
trauma during engagement of the nontapered tip. 

Guiding catheters are now available in virtually all of the
conventional Judkins and Amplatz curves, as well as a wide
range of custom shapes (extra backup (XB), hockey stick,
multipurpose, Voda, etc.) designed to ease engagement or
provide better support during balloon advancement. As
thin-wall technology has improved and balloon shaft
diameters have decreased, the predominant size of guiding
catheters has fallen progressively: 9F guiding catheters pre-
dominated in the early 1980s, with 8F (2.7-mm) catheters
taking over in the late 1990s, and 6F guiding catheters in
common use today. Although larger guiding catheters are
sometimes still needed for bigger devices or treatment of
bifurcation lesions, most procedures can be completed
through a 6F guiding catheter introduced through the
same sheath used to perform diagnostic coronary angiog-
raphy. Some 5F guiding catheters are even available for use
for radial artery access (see Chapter 4). 

To function adequately, the guiding catheter must be
able to selectively engage the ostium. This requires the
selection of an appropriate catheter shape and the ability
to manipulate the catheter under fluoroscopic guidance
(see Chapter 11). Engagement of the desired vessel, how-
ever, should not interfere with arterial inflow. This is rou-
tinely possible in the left coronary artery, but damping of
the guiding catheter pressure when the right coronary
artery ostium is engaged was once a common and vexing
problem. This has been overcome by the smaller diameter
(i.e., 6F) guiding catheters and by the introduction of guid-
ing catheters equipped with side holes that allow ongoing
perfusion despite wedged engagement. Because the guid-
ing catheter is also used to deliver small boluses of contrast
medium into the involved vessel (as needed to visualize
vascular side branches and the target lesion for angio-
plasty), however, contrast flow out of such side holes may
increase the total contrast load used during a procedure. 

A second important function of the guiding catheter is to
provide adequate support for advancement of interven-
tional devices across the target stenosis. This support derives
from the intrinsic stiffness of the guiding catheter material, a
catheter shape that buttresses it against the opposite aortic
wall, and/or deep engagement of the guiding catheter into
the coronary ostium (Fig. 22.3). While deep engagement of
the guiding catheter is sometimes needed, it is also well-
recognized as a potential cause of complications (i.e.,
ostial dissection). This complication has become far less
frequent with incorporation of an atraumatic bumper on
the tip of most guiding catheters and the performance of
deep engagement only by coaxial advancement over the
balloon catheter. After a deeply engaged guiding catheter
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Figure 22.3 Use of deep guiding catheter engagement to facilitate coronary intervention. Left.
Complex lesion in the right coronary artery including aneurysm (dark arrow) and diffuse distal dis-
ease (open curved arrow). Center. Left Amplatz guiding catheter (AL-1) is deeply engaged to pro-
vide optimal support for stent placement. Right. After stent placement, the vessel is widely patent,
but replacement of the Amplatz catheter with a conventional right Judkins catheter (JR4) shows how
effective the Amplatz has been in straightening out a severe upward bend (shepherd’s hook) in the
proximal right coronary artery. Although progressive improvement in device profile and trackability
has made such deep engagement less necessary, the technique is still of great value in selected
cases. Deep seating of the guiding catheter needs to be done with great care and coaxial advance-
ment of the guiding catheter over a balloon catheter to avoid injuring the proximal coronary artery. 



has been used to push a dilatation balloon or other device
across the lesion, the operator cannot forget to then with-
draw the guiding catheter back to a more neutral position
(just outside the vessel ostium) to avoid its migration into
an even deeper position as the device is withdrawn. In this
sense, the ability to use the guiding catheter actively con-
stitutes one of the important skills required for effective
management of the overall angioplasty equipment system.

Guidewires

The original dilatation catheter designed by Gruentzig had
a short segment of guidewire (spring coil) attached to its
tip to lead the balloon in the vessel lumen and help avoid
subintimal passage as the catheter was passed across the
stenosis (see Fig. 22.2). Because the shape or orientation of
this leading wire could not be modified once the catheter
had been introduced, it provided the operator no control
over whether the catheter followed the desired path or was
diverted into one or more side branches proximal to the
lesion. In the early 1980s, Simpson designed a movable
guidewire system in which a 0.018-inch Teflon-coated wire
extended and moved freely through a central lumen within
a coaxial dilatation catheter (6). If this guidewire selected
the desired vessel, it was advanced until it crossed the tar-
get lesion. If the guidewire instead selected a more proxi-
mal side branch, the balloon catheter was advanced to a
point just before the side branch as the wire was with-
drawn and reshaped in an effort to choose the desired path
beyond. By a series of such iterative advancements of wire
and dilatation catheter, many lesions could be crossed with
the guidewire and then with the dilatation catheter. In
1983, this concept advanced further with the introduction
of the first steerable guidewires, whose rotational orienta-
tion could be controlled precisely using a “torquer” (pin
vise) attached to the proximal end of the wire. 

In contrast to crude early guidewires, modern guide-
wires are designed to combine tip softness, trackability
around curves, radiographic visibility, and precise torque
control, which together allow the guidewire to be steered
past vascular side branches and through tortuous or
stenotic segments. With these refinements, crossing a
subtotal lesion with the guidewire has become a task that
takes seconds rather than minutes to hours, opening up all
portions of the epicardial coronary circulation to a variety
of interventional devices. The basic guidewire consists of a
solid core (stainless steel or superelastic nitinol) that is
ground to a progressive taper in its distal portion. This
taper helps retain torque control when the wire is steered
around the series of bends located in the guiding catheter
and proximal coronary anatomy and allows the stiffer
proximal portions of the wire to follow the soft tip into
side branches. This core is generally covered by a spring
coil, which is usually Teflon-coated stainless steel on the
body of the wire, and more radiopaque platinum on the
distal 3 to 25 cm. A family of hydrophilic plastic-covered

guidewires (i.e., Choice PT, Boston Scientific, Natick, MA)
are also available to aid in crossing vessels with extreme
tortuosity or total occlusion, but the spring-coil design is
still dominant. 

There is substantial choice of tip stiffness, driven by the
way the tapered core wire is attached to the outer coil at the
wire tip. In soft wires, the tapered core is welded to the coil
via a flattened intermediary shaping ribbon that allows the
operator to kink or bend the tip of the wire into a shape
that is appropriate for navigating the vessel features it must
pass while maintaining the required level of atraumatic
softness. Experienced interventional operators use their
thumbnail or the shaft of the guidewire introducer to
shape the guidewire tip to meet the challenges of anatomic
navigation—larger-diameter bends are used for selecting
left anterior descending (LAD) versus circumflex artery,
whereas smaller kinks or bends are used for selecting
branches (e.g., diagonal versus LAD). 

When greater probing force is required (e.g., for probing a
chronic total occlusion), stiffer tip designs are available.
These core-to-tip guidewires are often graded by the force
that the straight guidewire tip can apply to a strain gauge
from a distance of 1 cm——wires are available with force
increments from 3 gm, 4.5 gm, 6 gm, and ultrastiff 9 gm.
Use of these stiff-tip guidewires requires a high degree of
skill and feel to avoid unintentional vessel injury (dissec-
tion or perforation), and in general operators are well
advised to start with soft conventional guidewires and
work up to the specialty stiff wires progressively and only
as needed. 

Independent of the tip stiffness, advancing certain
devices around bends may take more shaft support from the
guidewire. This is provided by extra-support wires, which
have a thicker and stiffer inner core. Alternatively, some
operators prefer to place a second guidewire across the
lesion in parallel (a “buddy” wire) to straighten vessel
bends and facilitate device passage. The wire has a series of
corrugations near its distal end (the Wiggle Wire Guidant,
Santa Clara, CA) that can also be used to help deflect the
leading edge of a device away from a calcified plaque or the
leading edge of a previously placed stent when advance-
ment over a conventional wire is difficult. With this variety
of choices in 0.014-inch guidewires, it is currently rare to
use larger-diameter guidewires in coronary work, although
wires of 0.016 and 0.018 were previously used for this pur-
pose (requiring, of course, the use of matching devices
with larger internal lumen diameters). Smaller-diameter
guidewires offer little advantage except with certain devices
such as the 0.009-inch Rotablator wire (see Chapter 23),
but some specialty total occlusion guidewires have a reduced
diameter tip (reduced from 0.014 inch to 0.009–0.012 inch)
to help them negotiate small residual lumens. 

Standard coronary guidewires are 175 cm long, i.e.,
some 40 cm longer than the average balloon catheter. This
allows the wire to be advanced across the lesion while the
balloon catheter remains in the guiding catheter, but does
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not generally offer sufficient length for exchange of one
device for another. Most guidewires are therefore also
available in a double- (i.e., 300-cm) exchange length, or
are extendable to that length by attachment of a proximal
additional segment. Such wires can be passed indepen-
dently through the guiding catheter and across the target
lesion, to remain in place as a series of devices (balloons,
rotational atherectomy burrs, stents) is employed, without
the risk of subintimal passage of the second guidewire as it
crosses the partially dilated segment (7). A similar strategy
can be followed with shorter (175-cm) guidewires, pro-
vided that rapid-exchange or monorail balloon catheters
and stent delivery systems are used (see below). Although
the movable guidewire concept (implemented in the cur-
rent spectrum of highly sophisticated steerable guidewires)
has simplified, shortened, and improved the success rate of
coronary angioplasty, it is still important to heed the
advice of Dotter and Judkins (1) that “the guidewire is passed
across the atheromatous block more by the application of judg-
ment than of force.”

Dilatation Catheters

The dilatation catheters for coronary angioplasty have
undergone radical evolution since 1977. As described
above, the original Gruentzig catheters were designed with
a short segment of guidewire permanently affixed to the
catheter tip to decrease the risk of subintimal passage dur-
ing advancement down the coronary tree. The shaft of this
catheter had two lumens—one for inflation and deflation
of the balloon and one for distal pressure measurement
and/or contrast injection. This reflected the initial reliance
on monitoring trans-stenotic (i.e., aortic root to distal
coronary) pressure gradient as a way of assessing lesion
severity, since it was very difficult to perform adequate con-
trast injections through small-lumen guiding catheters
around the large (4.3F, 1.3-mm) shafts of early balloon
catheters. In contrast, virtually all dilatation catheters now
have an independently movable and/or steerable guidewire
extending the entire length of the dilatation catheter, as
described by Simpson and coworkers (see Fig. 22.2). The
central lumen of such dilatation catheters must have a suf-
ficient caliber to allow free movement of the guidewire, but
is no longer generally used for either pressure measure-
ment or contrast injection around the wire. The concept of
using trans-stenotic pressure gradients to evaluate the sig-
nificance and completeness of correction of coronary
stenoses, however, has undergone renewed interest with
the advent of solid state pressure measurement guidewires
(see “Fractional Flow Reserve,” Chapter 18). Occasionally,
however, the distal balloon lumen is still used (after
removal of the guidewire) for distal contrast or drug injec-
tion (i.e., for the treatment of no-reflow, see Chapter 3).

An important feature of the dilatation catheter is the
diameter of the smallest opening through which the
deflated balloon can be passed (its profile). The original

Gruentzig catheters had a 0.060-inch (1.5-mm) profile,
but current over-the-wire dilatation catheters have profiles
as small as 0.025 inch (0.6 mm). To preserve the best
balloon profile, a “negative” or “aspiration” preparation
should be performed in which a contrast-filled 20-mL
syringe is attached to the balloon inflation hub, the
plunger is pulled back to apply a vacuum, and gently
released to allow the balloon to draw in a small volume of
dilute (1:2 dilution with saline) contrast. A “positive” prep,
in which the balloon is first aspirated and then actively
inflated with contrast material, should generally be
avoided to avoid compromising the best possible crossing
profile. The magnitude of this issue is seen when one
attempts to reuse a previously inflated balloon to cross a
second lesion and finds that the secondary (or rewrap)
profile is far less satisfactory than the primary (prior to
inflation) profile. 

The field of angioplasty balloon catheters is now bifur-
cated into over-the-wire (OTW) catheters in which the
guidewire runs concentrically within the balloon shaft
throughout its entire length and monorail (rapid-exchange,
or Rx) catheters in which the wire is contained within the
balloon shaft over only its distal 25 cm and then runs out-
side the balloon shaft more proximally. Such catheters can
be exchanged quickly by a single operator over a standard
length (175-cm) guidewire and generally have smaller
shaft profiles to allow better contrast injection or simulta-
neous placement of two balloons for the treatment of
bifurcation lesions. Specially designed fixed-wire devices,
which consist of a balloon mounted directly on a steerable
wire core, were developed and used widely in the late
1980s to provide deflated profiles as small as 0.020 inch
(0.5 mm), but their use has become less common as
refinements in balloon technology have allowed competi-
tive performance from over-the-wire systems. Fixed-wire
devices may still be of unique value in special situations
(e.g., dilating side branches through the struts of a stent
placed in the parent vessel).

Although profile is important, the ability of the balloon
to bend so as to advance easily through tortuous vascular
segments (trackability) and the presence of sufficient shaft
stiffness (pushability) to force it through the stenosis are
also important. Delivery of the balloon is also aided by the
incorporation of a friction-resistant coating (silicone or a
hydrophilic coating such as polyethylene oxide) to improve
surface lubricity. Other specialized balloon catheters include
perfusion balloon catheters, which have a series of side
holes in the shaft proximal and distal to the balloon seg-
ment or a spiral channel within the balloon to allow
ongoing antegrade blood flow and thereby mitigate
myocardial ischemia during prolonged balloon inflations
(Fig. 22.4). In an era where stents provide definitive con-
trol of elastic recoil and dissection, however, the use of per-
fusion balloons has become rare except for controlling
hemorrhage from a coronary perforation without produc-
ing severe distal myocardial ischemia (see Chapter 3).
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Some special balloons exploit the concept of focused force
angioplasty, in which a second guidewire or microblades on
the balloon surface (cutting balloon, Boston Scientific,
Natick, MA; Fx mini-rail Guidant, Santa Clara, CA) concen-
trate the delivery of dilating force from the balloon to the
lesion to lower stenosis resolution pressure and reduce bal-
loon slippage forward or backward during inflation (so-
called watermelon seeding effect). These technologies have

not, however, improved the long-term patency compared
with conventional PTCA (8,9), and the cutting balloon car-
ries a small but real risk of perforation when oversized. 

Other than these factors, the most important character-
istic of the dilatation catheter is its ability to inflate to a
precisely defined diameter despite application of pressures
that average 10 to 16 atm. This was not possible with early
balloons manufactured from polyvinyl chloride (PVC),
whose compliance led to balloon oversizing and rupture at
pressures as low as 6 atm. More suitable performance can
be readily achieved today using balloons manufactured
from high-density polyethylene, polyethylene terephtha-
late (PET), or nylon, despite balloon wall thickness as low
as 0.0003 to 0.0005 inch (3 to 5 ten-thousandths of an
inch). Based on material and wall thickness, each balloon
has an individual compliance characteristic reflecting the
pressure at which the balloon reaches its specified (nomi-
nal) diameter and how much that diameter increases as the
balloon is inflated to even higher pressures. More compli-
ant balloon materials tend to reach their rated (nominal)
diameter at 6 atm and then grow by �20% above their
nominal size (i.e., a 3.0-mm balloon growing to 3.5 mm)
at 10 atm. Semicompliant balloon materials such as high-
density polyethylene or nylon grow by �10% over this
pressure range, whereas truly noncompliant balloon mate-
rials such as PET can retain their defined diameter up to 20
atm to allow dilatation of calcific stenoses or full expan-
sion of coronary stents (Fig. 22.5).

Balloon compliance characteristics must be kept in
mind especially when inflating a compliant or semicom-
pliant balloon to pressures above nominal (usually
roughly 8–10 atm) to avoid overdistending the adjacent
normal vessel. Because the noncompliant balloon materi-
als preclude growth in normal segments upstream and
downstream of a rigid lesion, they may be desirable when-
ever high pressures are needed and may also help to treat
resistant lesions by concentrating dilating force on the
stenosis itself (rather than in balloon growth and dilata-
tion of the adjacent vessel). 

Regardless of which balloon type is used, it is important
to stay within the prescribed range of inflation pressure is
also important to prevent balloon rupture. This pressure
range is specified in terms of the rated burst pressure (i.e., an
inflation pressure at which the probability of balloon rup-
ture is �0.1%). Taking any balloon catheter above its rated
burst pressure (usually 16 to 20 atm) increases the risk of
balloon rupture, with the potential for air embolization (if
the balloon was incompletely purged), vessel rupture, local
dissection, or difficulty in removing the balloon from an
incompletely dilated lesion (10). This risk grows the fur-
ther above rated burst pressure that the balloon is inflated,
until it reaches 50% risk of rupture when the average burst
pressure is reached. Instead of relying solely on high bal-
loon inflation pressures, there are many other alternatives
for dealing with the resistant lesion. It is usually better to
use focused force angioplasty, rotational atherectomy, or
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Figure 22.4 Use of a perfusion balloon catheter. Top. The
inflated perfusion balloon (arrow) is shown in the left anterior
descending artery and can be recognized by the presence of
the non-contrast-filled (white) perfusion lumen running through the
center of the balloon. Bottom. Injection through the guiding
catheter (left curved arrow) shows direct opacification of the cir-
cumflex (straight arrow) as well as contrast flow into the distal left
anterior descending: This flow enters through proximal side holes,
passes through the perfusion lumen within the balloon, and flows
out into the distal vessel (right curved arrow). The 40- to 60-
mL/minute flow to the distal vessel through the perfusion lumen
helps mitigate myocardial ischemia during prolonged balloon infla-
tions, but use of the high-profile devices has become less common
with the advent of broad stent use. 



laser atherectomy, Chap. 24, rather than to inflate any bal-
loon catheter to pressures more than 2 to 3 atm above its
rated burst pressure. A rare exception to this rule is stent
postdilatation in a calcified or fibrotic lesion that has not
been adequately predilated or pretreated with rotational
atherectomy before stent placement, and where there is no
alternative for achieving full stent expansion.

Various manufacturers currently provide dilatation
catheters that meet these design specifications with
inflated diameters of 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 mm to
match the size of the coronary artery in which the stenosis
is located. Larger balloons (i.e., 4.5, 5.0, and 6.0 mm) are
occasionally needed for treatment of large right coronary
arteries or saphenous vein grafts. Quarter-sized balloons
(e.g., 2.25, 2.75, and 3.25 mm) are also available, but that
degree of precision probably exceeds the operator’s ability
to gauge vessel size, and stocking quarter-sizes tends unfa-
vorably to increase the size of a laboratory’s balloon inven-
tory. The usual length of the inflatable balloon segment is
either 15 or 20 mm, but balloons are also available in
shorter (10 mm for dilating or postdilating focal lesions)

or longer (30 or 40 mm for dilation of a diffusely diseased
segment) inflated segment lengths (11). Although most
lesions can be dilated effectively with balloon catheters
from any of the several manufacturers, subtle differences in
performance characteristics can make the difference
between success and failure; therefore, each interventional
laboratory still needs to stock a variety of balloon types.
Although balloon prices were once nearly $700, competi-
tion has brought current prices down to $200 to $250,
giving little incentive for resterilization and reuse, with the
risk of infection, prolonged procedure time, and device
failures with resterilized products (12,13).

PROCEDURE

A coronary angioplasty procedure bears a superficial
resemblance to diagnostic cardiac catheterization in that
catheters are introduced percutaneously under local anes-
thesia, However, since angioplasty involves superselective
cannulation of diseased coronary arteries with guidewires
and balloon catheters, temporary occlusion of antegrade
coronary arterial flow, as well as manipulation of the offend-
ing atherosclerotic lesion by balloon inflation, the proce-
dure is significantly more complicated and entails roughly
10 times the risk (i.e., 1% versus 0.1%) compared with a
purely diagnostic catheterization (14). The risks of coronary
angioplasty vary greatly with the baseline clinical condition
of the patient, the characteristics of the lesion to be treated,
and the techniques that are used (see “Complications”
below and Chapter 3). When obtaining informed consent,
the individual estimated risks should be discussed in detail
with the patient and family prior to the procedure. To mit-
igate the very real risks of major complications, angioplasty
should be attempted only by experienced personnel and
generally only in a setting where full cardiac surgical and
anesthetic support is available (15,16). One exception is
the performance of emergency coronary angioplasty for
the treatment of acute ST-elevation myocardial infarction
(STEMI), where the need for rapid revascularization has
led to the allowance of such procedures in approved
catheterization laboratories staffed by experienced inter-
ventional operators, even when on-site cardiac surgery is
not available (16,17). The practice of elective angioplasty
without on-site surgery, however, remains outside the PCI
Guidelines at this time (16a).

Patients were once admitted the night before elective
angioplasty, but current cost-driven protocols call for
admission on the morning of the procedure. Details of the
patient evaluation, informed consent, and preprocedure
laboratory work will thus generally have been completed
in a separate outpatient visit or be compressed into a very
brief encounter immediately prior to the procedure. This
is particularly true for patients who come to catheter-
based intervention at the conclusion of what began as a
diagnostic catheterization that progressed to coronary
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Figure 22.5 Successful dilatation of a rigid calcific lesion. This
rigid lesion (top) in the midleft anterior descending coronary
artery of a postbypass patient (note surgical clips) resisted dilata-
tion at 300 lb/in2 (20 atm), but yielded to an inflation pressure of
330 lb/in2 (22 atm; middle two views) with an excellent angio-
graphic result (bottom). Such pressures are obtainable only with
special high-pressure balloon construction because standard
angioplasty balloons have rated rupture pressures of only 14 to 16
atm. In current practice, such lesions would more likely be treated
by rotational atherectomy (see Chapter 23).



intervention (so-called ad hoc angioplasty or cath with
PCI stand-by; 18). If angioplasty is not available at the
diagnostic catheterization facility, if the combined proce-
dure is likely to exceed safe contrast loading limits, or if
high anticipated procedural risk makes surgical consulta-
tion or additional discussions with the patient and family
desirable before proceeding with a nonemergent interven-
tion, the procedure may still be concluded after only the
diagnostic portion with the PCI as a separate procedure.
Similar considerations apply to the decision to stage a
complex multivessel procedure into two or more sessions
(i.e., patient tolerance, clinical stability, total contrast load,
stability of the initial treatment results), but current tech-
niques generally make staging (between diagnostic and
interventional procedures, or between treatment of some
lesions and others) an uncommon clinical necessity, the
reason for which should be documented in the patient
chart.

Oral intake should be restricted after midnight on the
evening prior to the procedure, and the patient should be
pretreated with aspirin 325 mg/day to diminish platelet
deposition on the disrupted endothelium (19). In the
aspirin-allergic patient, a graded aspirin desensitization pro-
tocol (20) may be used before PCI or immediately after PCI
in which other antiplatelet therapy has been provided (see
below). An oral platelet ADP-receptor antagonist (such as
clopidogrel) may be administered prior to the procedure
(21), often supplemented by intravenous platelet glycopro-
tein IIb/IIIa receptor blockers (22), to reduce the incidence
of periprocedural myocardial infarction or repeat emergency
revascularization for vessel closure or stent-thrombosis.
Since aspirin reduces late cardiac mortality in patients with
coronary disease, it is generally continued indefinitely after
the procedure. Similar data now exist for longer-term
clopidogrel treatment (23).

Angioplasty is generally done from the femoral approach,
although brachial and radial approaches can be used based
on considerations about vascular access, as well as operator
and patient preference. Most catheter-based interventions
can be performed safely without right heart catheteriza-
tion, but a right heart catheter may provide potentially
valuable measurements of both baseline filling pressures
and intraprocedural hemodynamic deterioration in patients
with abnormal baseline left ventricular function or treat-
ment of major vascular territories. The venous sheath also
allows rapid initiation of ventricular pacing, although
placement of a prophylactic pacemaker is seldom needed
except in cases where rotational atherectomy or rheolytic
thrombectomy of vessels supplying the right or dominant
circumflex coronary artery is planned (see Chapter 23). 

After placement of the arterial sheath, intravenous
antithrombin therapy is initiated (see Chapter 3). The
most common agent is still unfractionated heparin (70
units/kg, or 7,000 to 10,000 units), which may be reduced
to 50U/kg when administration of a platelet glycoprotein
IIb/IIIa receptor blocker is planned. Alternatives include

low-molecular weight heparin (e.g., enoxaparin) in patients
who have been on such agents preprocedure (24), or one
of the direct thrombin antagonists (e.g., bivalirudin [Angiomax,
the Medicines Company, Parsippany, NJ]; 25, 25a). If unfrac-
tionated heparin is used, it should be noted that there is
wide patient-to-patient variability in heparin binding and
activity, so that an ACT (activated clotting time) should be
measured and additional heparin should be administered
as needed to prolong the ACT to 275 to 300 seconds
(reduced to 250 seconds if a platelet glycoprotein IIb/IIIa
receptor blocker is to be given) before any angioplasty devices
are introduced. Additional doses or an infusion of the
antithrombotic agent may be required to maintain the ACT
at this level throughout the case—ACTs �250 seconds are
associated with a marked increase in the incidence of
occlusive complications unless an adjunctive IIb/IIIa
receptor blocker is used, whereas ACTs �300 to 350 sec-
onds tend to increase the risk of bleeding (26). ACTs may
also be used to monitor the effect of direct thrombin
inhibitors such as bivalirudin, which have found increas-
ing use during PCI based on more predictable dose-
response characteristics than heparin, greater efficacy
against clot-bound thrombin, reduced platelet activation,
less bleeding, and lack of cross-reactivity in patients with
the heparin-induced thrombocytopenia or thrombosis
syndrome (HITTS, Chapter 3). Since low-molecular weight
heparin has relatively more activity against factor Xa than
against thrombin, it causes less prolongation of the ACT so
that specialized anti-Xa assays are required to monitor
low–molecular weight heparin effects.

Baseline angiograms are then obtained of one or both
coronary arteries using either a standard diagnostic
catheter or the angioplasty guiding catheter. Baseline
angiography serves to (a) evaluate any potential changes in
angiographic appearance (interval development of total
occlusion, thrombus formation) since the prior diagnostic
catheterization, (b) permit the selection of the angio-
graphic views that allow optimal visualization of the
stenoses, and (c) aid in planning of the detailed interven-
tional strategy. Coronary injections should be repeated
after the administration of 200 mg of intracoronary nitro-
glycerin to demonstrate that spasm is not a significant
component of the target stenosis and to minimize the
occurrence of coronary spasm during the subsequent
angioplasty—we have seen cases where the intended target
of a catheter-based intervention resolved with intracoronary
nitroglycerin, and an unnecessary intervention was avoided!
The best working views that show the target lesions and
adjacent side branches most clearly and with the least fore-
shortening are recorded and transferred to the road-map
monitor for reference during the procedure. The approxi-
mate reference diameter and length of each target lesion is
estimated by comparing it to the 6F (2 mm) diagnostic
catheter or selected guiding catheter. Decisions are then
made regarding the sequence of lesions to be approached
(integrating lesion severity, myocardial territory involved,
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and noninvasive test data) and the specific interventional
approach that will be used. For example, a bifurcation
lesion that may require kissing balloon inflations and a
simultaneous kissing stents implantation (see Chapter 24)
may suggest use of a guiding catheter larger than 6F.

The appropriate guiding catheter is connected to the
pressure manifold (see Chapter 11) by way of an extension
tube and a rotating hemostatic valve (Tuohy-Borst valve)
and positioned in the appropriate coronary ostium. The
hemostatic valve contains an adjustable O-ring that allows
introduction and free movement of the angioplasty bal-
loon while maintaining a sufficient seal around the bal-
loon shaft to permit pressure measurement and contrast
injection. The angioplasty guidewire is then introduced
into the guiding catheter, either loaded into the initial
angioplasty balloon or inserted through a needlelike
guidewire introducer (bare-wire technique), and steered
across the target lesion. The guidewire is advanced across
the lesion with the aid of puffs of contrast material
through the guiding catheter as the vessel is imaged fluoro-
scopically in a projection that shows the desired path free
of foreshortening or overlapping side branches. Once the
position of the wire tip in the distal vasculature has been
confirmed by contrast angiography, the desired angio-
plasty balloon or other device is selected.

Experience has shown that the best and safest stand-
alone angioplasty results were obtained using a balloon
whose diameter closely approximates that of the presum-
ably nondiseased reference segment adjacent to the site
being treated (balloon/artery ratio 0.9:1.1; 27,28). Slightly
larger balloons (approximately 1.1 to 1.2 times the size of
the reference lumen) were sometimes used if intravascular
ultrasound (see Chapter 19) showed that the outer vessel
diameter in the reference segment (external elastic mem-
brane [EEM]) diameter was significantly larger than the ref-
erence lumen. On the other hand, slightly smaller initial
balloons were used when it was difficult to estimate the
correct reference size of a diffusely diseased or rapidly
tapering vessel, or when great difficulty was anticipated in
crossing the lesion. In the era where stenting (especially
drug-eluting stenting) has become the definitive treat-
ment, however, it is routine to predilate the target lesion
with a balloon that is slightly undersized relative to the
reference vessel and roughly the same length as the target
lesion (see Chapter 24). Modern low-profile stents can
often be delivered without predilation of the target lesion
(so-called direct stenting), but predilation makes delivery
and accurate placement of the stent within the lesion eas-
ier, facilitates the selection of the correct stent diameter
and length (by comparison with the diameter and length
of the inflated predilating balloon), and ensures that
lesion compliance is sufficient to allow full expansion of
the stent without pretreatment by rotational atherectomy
(see Chapter 23). 

The selected balloon is prepared by flushing the central
(guidewire) lumen with heparinized saline and filling the

balloon inflation lumen with a dilute (1:2) radiographic
contrast material. When balloon burst pressures were
lower and rupture was more frequent, contrast filling was
accomplished by a “positive prep” in which the balloon
was aspirated, inflated with contrast, and then aspirated
again to remove any air. With more robust balloon materi-
als, however, it is now more common to perform only a
“negative prep” in which a contrast-filled syringe is used to
pull air from the balloon lumen and then let the balloon
aspirate a small amount of contrast material when vacuum
on the syringe is released. This method of preparing the
balloon catheter avoids inflation before it is across the tar-
get lesion and thus helps maintain the lowest possible
deflated profile for crossing a severe stenosis. Some opera-
tors prefer to prepare the balloon before introduction and
attach a three-way stopcock to its inflation hub to maintain
a vacuum, whereas others prefer to prep the balloon in the
body just before crossing the lesion. The balloon catheter
is then loaded onto the free end of the guidewire, advanced
through the loosened O-ring, down the proximal vessel,
and across the lesion.

Once the dilatation catheter has been positioned within
the target stenosis, the balloon is inflated progressively
using a screw-powered handheld inflation device equipped
with a pressure dial. At low pressure (i.e., 2 to 4 atm), the
balloon typically exhibits an hourglass appearance owing
to central restriction by the coronary stenosis being treated.
In soft lesions, this restriction (or “waist”) may expand
gradually as the inflation pressure is increased, allowing
the balloon to assume its full cylindrical shape. In more
rigid lesions, the restriction may remain prominent until
the balloon expands abruptly at a stenosis resolution pressure
that may be anywhere between 4 and 20 atm (29). Some
operators prefer to increase pressure rapidly until all bal-
loon deformity resolves, but this increases the risk of dis-
section when a fibrotic or calcified plaque yields suddenly
or when the ends of a somewhat compliant balloon grow
to excessive diameter on either side of the resistant lesion.
If a calcified plaque resists expansion at 10 to 14 atm, one
may thus prefer to consider use of the Rotablator (see
Chapter 23) rather than pushing to the very high balloon
inflation pressures (�20 atm, Fig. 22.5) that may be
required for full dilation.

At the other extreme, elastic (usually eccentric) stenoses
may allow full balloon expansion at low pressures but then
tend to recoil promptly once the balloon is deflated. This
type of lesion was once treated by repeated inflations, cau-
tious use of oversized balloons, or directional atherectomy,
but stent implantation is now the routine treatment.
Focused force dilation (with a cutting balloon or external
guidewire balloon may also be helpful in dilating the
fibrotic or elastic lesion effectively (see below). There is lit-
tle objective evidence that slower speed of inflation or pro-
longed (1 minute or more) inflations offer more benefit
than the 30-second inflations (30). Exploration of even
longer (15-minute) inflations using a perfusion balloon
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showed slightly better acute results with no difference in
long-term patency (31). 

Whatever inflation strategy is selected, the response of
each lesion to balloon dilation must then be assessed indi-
vidually so that the dilation protocol can be tailored to
achieve the best possible result. The most common way to
assess lesion response to balloon dilation is repeat angiog-
raphy performed through the guiding catheter. By leaving
the exchange-length guidewire in place during such
angiography or using a rapid-exchange balloon catheter,
the balloon can be removed from the guiding catheter
without losing access to the distal vessel or the ability to
perform additional intervention (repeat balloon inflation,
stent placement, etc.). Complete normalization of the ves-
sel lumen would be the ideal end result of coronary angio-
plasty, but a typical result of even a successful angioplasty
is a 30% residual diameter stenosis (i.e., a 1.9-mm lumen
in a 3-mm vessel) with some degree of intimal disruption
(reflected as localized haziness, filling defect, or dissection).
Although this once created a dilemma about whether to
persist with additional balloon inflations (weighed against
the risk of creating a vessel dissection), the need to obtain
a perfect result with balloon angioplasty is now moot in
the stent era—any lesion that can be stented is stented. In the
current view, the best position for stand-alone balloon
angioplasty is thus in lesions that are poorly suited to
stenting owing to vessel size below 2 mm or branch ostial
disease where bifurcation stenting is not contemplated. 

Given the importance of achieving the best acute angio-
graphic result, and the uncertainty inherent in angio-
graphic assessment of the irregular lumen postangioplasty,
a number of other techniques have been used to grade the
quality of an angioplasty result. Initially, PTCA operators
relied heavily on the trans-stenotic gradient as an index of
dilatation adequacy, seeking a postdilation pressure differ-
ence of �15 mm Hg between the aortic pressure (measured
through the guiding catheter) and the distal coronary artery
pressure (measured through the tip of the dilatation
catheter). In practice, such measurements were compli-
cated by the presence of the dilatation catheter within the
stenosis and the small size of the dilatation catheter
lumen, which led to abandonment of the gradient mea-
surement by 1988 (32). There has been some recent
reawakened interest based on the availability of using
newer solid state pressure-measuring guidewires that can be
used to assess the trans-stenotic gradient at baseline flow
and during maximal hyperemia (33; see Chapter 18). The
goal is to achieve a fractional flow reserve (FFR)—defined
as the ratio of distal coronary pressure to aortic pressure
during adenosine-induced hyperemia—�0.95 in a suc-
cessful PCI. The same type of physiologic assessment can
be done using Doppler flow-measuring guidewires to assess
diastolic/systolic flow ratios or coronary flow reserve (CFR)
as an index of baseline lesion significance and a confirma-
tion of adequate dilation. Alternatively, intravascular ultra-
sound (IVUS; see Chap. 19) can more accurately measure

lumen diameter and cross-sectional area after dilation, and
can detect vessel dissection or hematoma more accurately.
Although IVUS has provided important mechanistic
insights into balloon angioplasty, it is not used in more
than 5 to 10% of routine clinical cases because of the
added procedural time and expense. In most laboratories,
the postdilation angiogram thus remains the gold standard
of whether or not an adequate result has been obtained. 

Once adequate dilatation is deemed to have been
achieved, it is common to withdraw the balloon catheter
completely from the guiding catheter, leaving the guidewire
across the dilated segment for several minutes to allow
observation of the treated vessel for signs of angiographic
deterioration. With more predictable interventions such as
stenting, however, a single set of postprocedure angiograms
in orthogonal views with the guidewire removed is usually
sufficient to document a suitable result in the treated
lesion and the absence of dissections, branch occlusions,
or guidewire perforations in the adjacent portions of the
vessel. At that point, other significant lesions may be
dilated similarly, or the procedure may be concluded and
the patient transferred to the recovery area.

POSTPROCEDURE MANAGEMENT

Postprocedure management after PCI has been progres-
sively streamlined (14). It was once common to leave the
arterial sheath in place overnight with continued heparin
infusion, while perfusing the sheath lumen and monitor-
ing for distal limb ischemia. This practice allowed prompt
vascular reaccess should delayed abrupt closure occur (34).
With the advent of stenting and IIb/IIIa receptor blocker,
such delayed abrupt closures occur so infrequently that the
practice shifted to removal of the sheaths later the same
day as soon as the heparin effect wore off (ACT �160 sec-
onds), with no postprocedure heparin infusion (35,36). In
fact, now with the wide adoption of femoral puncture site
closure devices, it is common to remove the arterial sheath
in the cath lab at the end of the interventional procedure,
despite a fully anticoagulated state (see Chapter 4). 

After sheath removal, the patient typically remains at
bed rest for 18 to 24 hours and then ambulates before dis-
charge. The time to ambulation is reduced significantly,
however, if a femoral closure device has been used. If a
IIb/IIIa receptor blocker was used intraprocedurally, it is
commonly infused for approximately 18 hours postproce-
dure. Aspirin (325 mg/day) is continued indefinitely, and
patients who have received a stent are given clopidogrel
(Plavix) as a 300–600 mg loading dose at the end of the pro-
cedure and 75 mg per day for 2 to 4 weeks (bare-metal stent)
or 3 to 6 months (drug-eluting stent or brachytherapy).
Beginning clopidogrel 3 to 6 hours before the intervention
obviates the need for a postprocedure loading dose and
may attenuate the additional benefit provided by a IIb/IIIa
receptor blocker. Longer-term clopidogrel may also reduce
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the rates of death, myocardial infarction, or stroke out to
12 months following PCI (21,23). 

With a good angiographic result in the treated lesions,
marked relief of ischemic symptoms should be expected
unless other significant disease has been left untreated. In
the patient with multivessel disease (see below), it may
thus be particularly helpful to evaluate the postangioplasty
physiologic state by a maximal exercise test in the first few
weeks after discharge. Earlier (i.e., predischarge) exercise
testing was once performed on a routine basis, but has now
been abandoned largely owing to the potential of groin
rebleeding, delay of discharge, or the small risk of precipi-
tating thrombotic closure of the dilatation site. Patients
may return to full activity within 72 hours, by which time
the groin puncture site should have healed sufficiently to
allow even brisk physical activity.

Patients should expect to have no anginal symptoms
early after discharge—ongoing anginal symptoms after dis-
charge suggests persistent untreated disease or a poor result
at the treatment site. A good initial result, with recurrent
symptoms within the first weeks or 1 to 2 months may sug-
gest subacute stent thrombosis, which usually presents as an
acute STEMI requiring emergent recatheterization. On the
other hand, initial symptomatic relief followed by recur-
rence of symptoms at between 2 and 6 months suggests
restenosis of the dilated segment (this has been reduced
markedly from 30% with PTCA to 15% with bare-metal
stenting to �5% with drug-eluting stenting) (see Chapter
24). When symptoms recur 1 or more years after successful
angioplasty, this suggests progression of disease at another
site (37). This may become evident by symptoms or on a
follow-up exercise test, which may be performed annually
or as needed to evaluate recurrent symptoms after PCI.
Along with education regarding these possibilities and
their proposed management (including additional catheter
intervention or bypass surgery, as needed), the acute angio-
plasty admission should also be viewed as an opportunity
to educate the patient and family about changes in lifestyle
(smoking, exercise) or drug therapy (to control hyperten-
sion or lipid abnormalities) to reduce the risk for the pro-
gression of atherosclerotic disease (38). Current lipid
guidelines call for achieving a LDL level �70 mg/dL in
patients with proven coronary artery disease, as would be
the case for the post-PCI patient (39).

MECHANISM OF PTCA

According to the original explanation proposed by Dotter
and Judkins (1) and by Gruentzig et al. (3), the enlarge-
ment of the vessel lumen following angioplasty was
ascribed to compression of the atheromatous plaque—akin to
footprints in the snow. In fact, true plaque compression
accounts for the minority of the observed improvement
(40). Extrusion of liquid components from the plaque does
permit some compression of soft plaques but contributes

minimally to improvement in more fibrotic lesions, even
when balloon inflation is prolonged to 1 minute. Absent
significant reduction in plaque volume, most luminal
improvement following PTCA seems to result from plaque
redistribution—more like footprints in wet sand. Some of
this takes place by longitudinal displacement of plaque
upstream and downstream from the lesion, but most
improvement in the lumen following balloon angioplasty
or stenting results from controlled overstretching of the
entire vessel segment by the PTCA balloon. This stretching
leads to fracture of the intimal plaque, partial disruption of
the media and adventitia, with consequent enlargement of
both the lumen and the overall outer diameter of the vessel
(40; Fig. 22.6). 

Although use of a full-sized balloon (balloon/artery
ratio of 1:1) should theoretically eliminate all narrowing at
the treatment site, the overstretched vessel wall invariably
exhibits elastic recoil (41,42) following balloon deflation,
as well as some degree of local vasospasm (43). These
processes typically leave the stretched vessel with a 30%
residual stenosis (i.e., a 2-mm lumen in a 3-mm vessel that
has been dilated with a 3-mm balloon). A typical balloon
angioplasty result also shows evidence of localized trauma
to more superficial plaque components as an almost uni-
versal haziness of the lumen (44). Greater degrees of dis-
ruption are reflected by intimal filling defects (Fig. 22.7),
contrast caps outside the vessel lumen, or spiral dissections
that may interfere with antegrade blood flow (Fig. 22.8).
This local disruption has been seen on IVUS, angioscopy,
and the histologic examination of postmortem angioplasty
specimens, and its extent correlates with the risk of an
occlusive complication (45). In contrast, stenting or direc-
tional atherectomy reduce or even eliminate this elastic
recoil, dissection, and vascular tone, and thereby provide
lower (0 to 10% rather than 30%) postprocedural residual
stenosis, and a smooth and uniform lumen by angiogra-
phy or IVUS, with less chance of acute or delayed closure.

Given the amount of “angioblasty” that takes place dur-
ing balloon dilation, it is remarkable that dislodgment and
distal embolization of plaque fragments seem to be infre-
quent in both experimental studies (46) and most clinical
angioplasty procedures. There is increasing evidence, how-
ever, of distal atheroembolization during balloon angio-
plasty and stent placement. This is most clearly estab-
lished in patients undergoing dilatation of a saphenous
vein bypass graft or patients with large thrombi adherent
to the lesion. Distal embolization of large (�1 mm)
plaque elements is usually manifest as an abrupt cutoff of
flow in the embolized distal vessel (47). In contrast,
microembolization of plaque debris or adherent thrombus
may contribute to postprocedure chest pain, enzyme eleva-
tion, or the no-reflow phenomenon in which there is dra-
matic reduction in antegrade flow with manifestations of
severe ischemia (chest pain and ST-segment elevation), in the
absence of epicardial vessel stenosis, dissection, or macroem-
bolic cutoff (48). No-reflow can usually be improved by
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distal intracoronary injection of an arterial vasodilator
(nitroprusside 100 
g; verapamil 100 
g; diltiazem 250 
g;
nicardipine 200 
g; adenosine 100 
g—but not nitro-
glycerin, which is more of an epicardial than arteriolar
vasodilator). But such treatment does not prevent peripro-
cedural myocardial infarction. In contrast, the use of a dis-
tal occlusion/aspiration embolic protection system (see
Chapter 23) recovered atheroembolic debris and reduced
the incidence of these complications by nearly half. The

SAFER trial of vein graft stenting thus showed that such
enzyme elevations occurred in 17% of lesions, with evi-
dence of no-reflow in 8% of lesions, which were reduced
to 9.7 and 3.3%, respectively, through the use of distal
embolic protection (49). Similar benefits have now been
seen with the distal embolic filter devices (50), and in
other vascular beds (carotid, renal, native coronary), sug-
gesting that the use of embolic protection may become
more widespread.
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Figure 22.6 Proposed mechanism of angioplasty. A. Deflated balloon positioned across stenosis.
B. Inflation of the balloon catheter within the stenotic segment causes cracking of the intimal
plaque, stretching of the media and adventitia, and expansion of the outer diameter of the vessel. 
C. Following balloon deflation, there is partial elastic recoil of the vessel wall, leaving a residual steno-
sis of 30% and local plaque disruption that would be evident as haziness of the lumen contours on
angiography. (From Willerson JT, ed. Treatment of Heart Diseases. New York: Gower Medical, 1992.)

Figure 22.7 Normal healing of PTCA-related coronary dissection. Compared with the baseline
angiogram (A), the immediate post-PTCA angiogram (B) shows enlargement of the left anterior
descending (LAD) lumen with two small filling defects typical of an uncomplicated coronary dissec-
tion. Follow-up angiogram 3 months later (C) shows preservation of luminal caliber with complete
healing of the localized dissection. (From Baim DS. Percutaneous transluminal coronary angioplasty.
In Braunwald E, ed. Harrison’s Principles of Internal Medicine: Update VI. New York: McGraw-Hill,
1985.)



Although it is a theoretical possibility with sufficient
local stretching trauma, frank vessel rupture has turned out
to be a fortunately rare consequence during conventional
balloon angioplasty, barring the use of significantly over-
sized balloons (51). Vessel perforation is actually more
common (approximately 1% incidence) when atherectomy
devices such as directional atherectomy, rotational atherec-
tomy, or laser angioplasty are used (52; see Chapter 23),
when stents are post-dilated at high pressure (�18 atm)
with oversized (�1.1:1) balloons, or when stiff hydrophilic
wires are advanced into small distal branches. Local vessel
perforation or distal guidewire perforation in a patient on
IIb/IIIa blocker agents usually constitutes a medical emergency
requiring prompt blockage of the perforation site with a
balloon, drainage of hemopericardium, and definitive
sealing of the perforation site with prolonged balloon
inflation, a membrane-covered stent, an embolic coil, or
emergency surgery (52,53; see Chapters 3 and 32).

ACUTE RESULTS OF ANGIOPLASTY

Early published data on coronary angioplasty success
derive mostly from the 3,000-patient NHLBI Angioplasty
Registry, which collected all procedures performed between
1977 and September of 1981 (54). Although case selection
in the registry focused on “ideal” PTCA candidates—those
with proximal, discrete, concentric, subtotal, noncalcified
stenoses of a single vessel—the primary success rate of 61%
would be considered disappointing by current standards.
The main explanations for the low primary success rate in

the registry were failure to cross the lesion with the dilata-
tion system (29% of cases) and failure to dilate the lesion
adequately once having crossed (12% of cases). These fail-
ures were a result of two factors:) the relative lack of experi-
ence of operators contributing cases to the registry (the
learning curve), and the use of original Gruentzig fixed-wire
dilatation catheters with limited maneuverability, a com-
paratively high deflated balloon profile, and a low peak
inflation pressure. Also sobering was the nearly 9% inci-
dence of major complications, including a 6% incidence of
emergency bypass surgery to treat abrupt vessel closure
owing to local dissection, a 4.9% incidence of Q-wave
myocardial infarction, and a 1.5% mortality rate.

Despite the inclusion of patients with more difficult
coronary anatomy, progressive improvement in equipment
(including the widespread availability of steerable guidewires
since 1983), the second PTCA registry (1985–1986; 55,56),
had a success rate of 78%, with reduction in the incidence
of major complications to 7%, including emergency bypass
surgery 3.5%, Q-wave myocardial infarction 4.3%, and the
mortality for patients with single-vessel disease (from 0.85
to 0.2%). Overall procedural mortality, however, remained
close to 1% because of the inclusion of greater numbers of
patients with multivessel disease in the 1985–1986 registry. 

In the new device era (late 1990s and early 2000s), the
availability of stents, atherectomy devices, and better anti-
coagulant and antiplatelet regimens have boosted acute
procedural success �95% and reduced major adverse car-
diac events falling to roughly 3% (death 1%, emergency
surgery 0.3%, and Q-wave or large non–Q-wave MI 1.5%;
57). But it is important to remember that significant

Chapter 22: Percutaneous Balloon Angioplasty 445

Figure 22.8 Coronary dissection leading to abrupt reclosure. The appearance of a right coronary
stenosis prior to (A) and immediately following (B) coronary angioplasty, with an evident localized
dissection. Within 15 minutes following removal of the dilatation catheter, the patient experienced
chest pain associated with inferior ST-segment elevation and angiographic evidence of progressive
dissection with impeded antegrade flow (C). Standard management in 1980 (when this case was
done) consisted of emergency bypass surgery, which was accomplished without complication.
Current practice would be to attempt to recross the lesion and “tack down” the dissection by repeat
balloon inflation, or more likely place one or more stents. (From Baim DS. Percutaneous transluminal
angioplasty—analysis of unsuccessful procedures as a guide toward improved results. Cardiovasc
Intervent Radiol 1982;5:186.)



complications continue to occur, and the burden remains
on the operator to select patients carefully, choose the best
approach, execute it well, and respond quickly to evolving
complications to minimize their ultimate scope and clini-
cal impact. 

COMPLICATIONS

As a specialized form of cardiac catheterization, coronary
angioplasty is attended by the usual risks related to inva-
sive cardiac procedures (see also Chapter 3). In contrast
with diagnostic procedures, the larger-caliber guiding
catheter used for angioplasty is more likely to result in
damage to the proximal coronary artery and cause local
bleeding complications at the catheter introduction site.
Selective advancement of guidewires and dilatation
catheters into diseased coronary arteries may lead to vessel
injury if they are manipulated too aggressively. 

Several systems have been devised to predict risk, which
may be useful in preprocedural discussions with the
patient and family or in monitoring how actual procedural
outcomes over time compare with what is predicted (risk
adjustment, looking at the observed versus expected com-
plication rate ratio). The risk of procedural or in-hospital
mortality is driven mostly by clinical factors such as age,
cardiogenic shock, congestive heart failure, renal failure,
and urgent or emergent PCI; 58–61; Table 22.1; Fig. 22.9).
Procedure success and overall complications, however,
tend to be driven by lesion-related features. The original

AHA/ACC Type A, B, and C lesion categorization (62;
Table 22.2) was modified by Ellis (63) to discriminate
between B1 and B2 lesions (i.e., those with one or more
than one B characteristic), but the continued validity of this
classification scheme has come into question in the stent
era. The Society for Cardiac Angiography and Intervention
has thus proposed a simplification into four risk cate-
gories (based on whether or not the lesion has a type C
feature and whether it is patent or occluded; 64). This
offers a somewhat better predictive value of both proce-
dural success and major complications (death, myocardial
infarction [CK elevation], emergency surgery, or emer-
gency repeat angioplasty) and shows the potent effect of
stenting in reducing those complications across the board
(Fig. 22.10). 

The potent effect of stenting (and potentially platelet
glycoprotein IIb/IIIa blockers) on reducing the need for
emergency surgery is shown clearly in the prospective
Cleveland Clinic review of 18,593 PCIs performed from
1992 through 2000 (65). Emergency surgery was required in
113 (0.61%) cases, owing to extensive dissection (n � 61),
perforation/tamponade (n � 23), and recurrent acute clo-
sure (n � 23), but its prevalence decreased from 1.5% of
PCIs in 1992 to 0.14% in 2000 (P � 0.001), in parallel
with increased stent use (Fig. 22.11). The consequences of
emergency surgery for a PCI complication, however, are
still daunting: of the 113 patients who underwent emer-
gency CABG, there were 17 (15%) in-hospital deaths, 14
(12%) perioperative Q-wave myocardial infarctions, and 6
(5%) cerebrovascular accidents. 
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MULTIVARIABLE PREDICTORS OF MORTALITY IN VARIOUS PUBLISHED INTERVENTIONAL MODELS 
TABLE 22.1

First author Hannan Kimmel Ellis O’Connor Moscucci Shaw Qureshi
Database source New York SCAI 5 U.S. hospitals NNE 8 Michigan hospitals ACC-NCDR Beaumont
Years of treatment 1991–1994 1992 1993–1994 1994–1996 1997–1999 1998–2000 1996–1998
Number of patients 62,670 10,622 12,985, 15,331 10,729 100,253 9,954
Age � � � � � � �

MI �24 h � � � � � � � (14 days)
Shock � � � � � �

LV function � � � �

Female � � �

Lesion complexity � � � �

Diabetes � �

Renal failure � � � � �

Left main disease �

Proximal LAD �

Urgent procedure � �

Preprocedure IABP � �

PVD � � �

Multivessel disease � � �

For each model, the multivariable correlates of mortality found are indicated by an X.
ACC-NCDR, American College of Cardiology–National Cardiovascular Device Registry; IABP, intraaortic balloon pump; LAD, left anterior descending;
LV, left ventricular; MI, myocardial infarction; NNE, Northern New England; PVD, peripheral vascular disease; SCAI, Society for Cardiac Angiography
and Intervention.
From Cutlip DE, Ho KKL, Kuntz RE, Baim DS. Risk assessment for percutaneous coronary intervention—our version of the weather report? J Am Coll
Cardiol 2003;42:1986–1989.



Coronary Artery Dissection

The most common complications of coronary angioplasty
relate directly to local injury at the dilatation site caused as
part of the angioplasty process, as described in the section
concerning mechanisms. Although plaque disruption and
dissection may be caused by the guiding catheter or overly
vigorous attempts to pass the guidewire through a tortuous
stenotic lumen, most dissections are actually the by-product
of the “controlled injury” that is induced intentionally by
inflation of the dilatation catheter (40). In fact, localized dis-
sections can be found routinely in animal or cadaveric mod-
els of angioplasty and are evident angiographically in at least
one half of patients immediately after balloon angioplasty
(44). When these dissections are small and nonprogressive
and do not interfere with antegrade flow in the distal vessel,
they have no clinical consequence other than transient mild
pleuritic chest discomfort. Follow-up angiography as soon as
6 weeks after the angioplasty procedure usually demonstrates
complete healing of the dissected segment (see Fig. 22.7),
although occasional localized formation of aneurysms has
been described at the site of dissection (66,67). 

Abrupt Closure

Prior to the era of widespread stent use, large progressive
dissections not uncommonly interfered with antegrade

flow and led to total occlusion of the dilated segment
(a phenomenon known as abrupt closure; see Fig. 22.8).
With balloon angioplasty alone (before the advent of new
devices), abrupt closure occurred in roughly 5% of patients
as the result of compression of the true lumen by the dis-
section flap (45), with superimposed thrombus formation,
platelet adhesion, or vessel spasm. In one study (68),
postangioplasty dissections were evident angiographically
in 40% of dilated lesions, with spiral (type D) dissections
in 3.5% of patients. The presence of a type D dissection
increased the risk of frank or “threatened” abrupt closure
(residual stenosis �50%, with reduced antegrade flow)
from a baseline of 6.1% to 28%. This finding supports the
earlier findings of Ellis et al. (69) showing a fivefold
increase in abrupt closure with postprocedure dissection
and stressing the relative importance of the postprocedure
result (as opposed to preprocedure clinical or angiographic
variables) on the risk of abrupt closure Most abrupt clo-
sures after stand-alone balloon angioplasty developed
within minutes of the final balloon inflation, so that it was
the routine practice to observe the lesion for 10 minutes
after the last balloon inflation, before leaving the catheteri-
zation laboratory. But abrupt closure also occurred up to
several hours later (in 0.5 to 1% of cases) as the heparin
anticoagulation wore off (particularly prior to the use of
IIb/IIIa receptor blocker infusions in patients with marginal
angiographic results of stand-alone balloon angioplasty). 

Chapter 22: Percutaneous Balloon Angioplasty 447

Figure 22.9 Mayo Clinic risk score for mortality assigns integer coefficients for each named clini-
cal variable so that one can read the estimated mortality risk that corresponds to the total of the
integer coefficients from the curve and the value on the Y axis. The 2% of patients with a total score
over 14 thus have an expected procedural mortality of 25%! (From Singh M, Lennon RJ, Holmes DR
Jr, Bell MR, Rihal CS. Correlates of procedural complications and a simple integer risk score for per-
cutaneous coronary intervention. J Am Coll Cardiol 2002;40:387–393, with permission.)



Before 1985, most patients who experienced abrupt
closure of a major epicardial coronary artery went directly
to emergency surgery, in an effort to minimize the amount
of consequent myocardial damage. The rate of emergency
surgery was thus 5 to 6%, but even with emergency surgery
within 90 minutes of the onset of vessel occlusion, up to
50% of patients sustained a Q-wave myocardial infarction
(70). The development of perfusion catheters—infusion
catheters or angioplasty balloons with multiple side holes
along their distal shaft to allow 40 to 60 mL/minute of
blood to enter proximal to the site of occlusion, flow
through the central lumen, and re-exit into the lumen dis-
tal to the point of occlusion—allowed patients to go to the
operating room in a nonischemic state (Fig. 22.4), and was
shown to reduce the incidence of transmural infarction
during emergency surgery to approximately 10% (71). Once
it was realized that many abrupt closures can be reversed
by simply readvancing the balloon dilatation catheter
across the lesion to “tack up” the dissection via repeated

balloon inflation, the emergency surgery rate fell in half to
roughly 3%. Prolonged balloon inflations (up to 20 min-
utes, using an autoperfusion balloon to limit ongoing
ischemia) further improved the ability to reverse abrupt
closure (72). 

Since 1993, however, the availability of coronary stents
has made the certainty of reversing abrupt closure �90%
(73). This success has made it routine to stent any patient
with a large postprocedure dissection as a pre-emptive
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LESION MORPHOLOGIC PREDICTORS OF
PROCEDURE SUCCESS AND COMPLICATION
BASED ON THE AHA/ACC LESION
CLASSIFICATION SYSTEM 

TABLE 22.2 

Characteristics of type A, B1, B2, and C lesions
Type A lesions (high success, �85%; low risk)

Discrete (�10 mm length)
Concentric
Readily accessible
Nonangulated segment �45	

Smooth contour
Little or no calcification
Less than totally occlusive
Not ostiol in location
No major branch involvement
Absence of thrombus

Type B1 lesions (moderate success, 60 to 85%; moderate risk)
Tubular (10–20 mm length)
Eccentric
Moderate tortuosity of proximal segment
Moderately angulated segment, 45–90	

Irregular contour
Moderate to heavy calcification
Ostial in location
Bifurcation lesions requiring double guidewires
Some thrombus present
Total occlusion �3 months old

Type B2 lesions (Ellis modification of AHA/AOC system)
Two or more type B characteristics

Type C lesions (low success, �60%; high risk)
Diffuse (�2 cm length)
Excessive tortuosity of proximal segment 
Extremely angulated segment �90	

Inability to protect major side branches
Degenerated vein grafts with friable lesions
Total occlusion �3 months old

Figure 22.10 Lesion risk scores. Top. The probability of success
by AHA type lesion (left) and the new SCAI class (right), treated
with (open bars) and without (closed bars) coronary stenting.
Bottom. The probability of a major complication based on AHA
lesion type (left) and the new SCAI class (right), treated with
(open bars) and without (closed bars) coronary stenting. The
SCAI score, based simply on whether the vessel has one or more
type C characteristics and is open or occluded, has a stronger
predictive value of success and complications than the traditional
AHA/ACC score. The beneficial effect of stenting on complica-
tions is evident. (See also Table 22.2; From Krone RJ, Shaw RE,
Klein LW, Block PC, et al. Evaluation of the American College
of Cardiology/American Heart Association and the Society for
Coronary Angiography and Interventions lesion classification sys-
tem in the current “stent era” of coronary interventions. (From the
ACC-National Cardiovascular Data Registry). Am J Cardiol 2003;
92:389–394, with permission.)



treatment for threatened abrupt closure even when flow
compromise is not apparent. Of course, with elective stent-
ing of �90% of interventional procedures, this problem
has been largely eliminated, with emergency surgery rates
having fallen to �0.5%, as evidenced in the Cleveland
Clinic series discussed above (65). 

Beyond the mechanical issues of residual stenosis and
local dissection, it is now clear that platelet-rich clots con-
tribute significantly to the abrupt closure process. The
presence of thrombus, reflected as a globular filling defect,
increases the risk of abrupt closure from 7.2 to 27.8%
(68). The role of thrombus in abrupt closure is further
supported by an increased risk of abrupt closure in
patients with a subtherapeutic ACT and the reduction of
ischemic end points seen in patients treated with a bolus
plus infusion of various platelet glycoprotein IIb/IIIa
blockers (see Chapter 3; 22). Although platelets may
adhere to damaged vessel wall through other receptors,
activation of the 50,000 to 80,000 glycoprotein IIb/IIIa
receptors on each platelet’s surface allows them to bind
avidly to fibrin to cause platelet aggregation and thrombo-
sis (see Chapter 3). Vessels with moderate local dissection
but preserved antegrade flow are thus more likely to stay
patent in the presence of agents that reduce the affinity of
the activated IIb/IIIa receptor for fibrinogen, thereby
reducing the incidence of emergency surgery or unplanned
(bailout) stent placement. These agents also significantly
reduce the incidence of periprocedural myocardial
infarction, particularly the incidence of CK elevations
(non-Q-wave myocardial infarctions) that are seen in 10
to 30% of patients undergoing coronary intervention.
Given their moderate expense and increased bleeding risk,
there is still heterogeneity (see below) in whether these
agents should be used in all coronary interventions or
restricted to the 30 to 40% of patients who have high-risk
lesion morphologies or a suboptimal mechanical result
after mechanical intervention.

Other Complications

A number of other complications have been described as the
result of coronary angioplasty. Q-wave myocardial infarc-
tion occurs in approximately 1% of patients (54), often as a
result of abrupt closure or “snowplow” loss of a major side
branch originating within or in close proximity to the lesion
being treated. If creatinine phosphokinase (CPK) MB isoen-
zyme levels are measured routinely, however, 10 to 30% of
patients will show some elevation following apparently
uncomplicated procedures (74), generally as the result of
distal microembolization or loss of smaller side branches.
The importance of these “infarctlets” has been the subject of
considerable debate. There is no dispute that larger non-Q-
wave infarctions—those with total CK levels greater than
twice normal or absolute CK-MB levels greater than five
times the upper limit of normal, particularly if associated
with new ST-T wave abnormalities—carry the same import
as a periprocedural Q-wave infarction. The debate concerns
whether smaller elevations of CK-MB (between one and five
times normal, which do not significantly impair ventricular
function) also increase late mortality. Several large studies
have demonstrated that patients with even one and five
times normal CK-MB elevation have an increased incidence
of adverse events (in different studies, sometimes death,
sometimes repeat MI, sometimes repeat revascularization)
during the subsequent 3 to 5 years.

But is this a cause-and-effect relationship (the small MIs
cause the late adverse outcomes) or the result of a con-
founder (both the CK elevations and the variety of late
events are each related to a common factor such as the dif-
fuseness of atherosclerotic disease)? Pooled analysis of
more than 20,000 interventional patients enrolled in ran-
domized trials of IIb/IIIa receptor blockers versus placebo
(75) do show a modest 6 to 12 month mortality benefit,
but one should note that most of the patients in those tri-
als underwent balloon angioplasty (with a higher risk of
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Figure 22.11 The Cleveland Clinic experience with 18,593 PCIs from 1992 through 2000 shows
the progressive reduction in the risk of requiring emergency bypass as the result of PCI (left) as the
institutional use of stents and glycoprotein IIb/IIIa receptor blockers increased over that period
(right). (From Seshadri N, et al. Emergency coronary artery bypass surgery in the contemporary per-
cutaneous coronary intervention era. Circulation 2002;106:2346–2350, with permission.)
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vessel closure against which the IIb/IIa receptor blockers
would be protective) rather than stenting (where the pro-
tective effect is less certain), that patients with clear
intraprocedural failures or complications were included in
the study cohort along with patients who had a small inci-
dental CK-MB elevation after an otherwise successful proce-
dure in many of the studies, and that the mortality benefit
is variable (Fig. 22.12).

Occlusion of branch vessels originating from within the
stenotic segment occurs in 14% of vessels at risk during
angioplasty of the main vessel, according to what has been
called the snowplow effect (76). If the branch vessel is small,
this event usually has no significant clinical sequelae and
should not discourage attempted angioplasty. On the other
hand, if a large branch vessel originates from within the
stenotic segment, simultaneous dilatation of the main vessel
and the involved branch with two separate dilatation sys-
tems (the kissing balloon technique) may be required for
preservation of both vessels (77). This originally utilized
two guidewires that could be inserted through a single guid-
ing catheter (one guidewire placed into the main vessel and
one into the involved side branch) to allow alternating
advancement of a balloon catheter into one and then the
other vessel (78). Current large-lumen guiding catheters and
low-profile dilatation systems, however, now allow kissing
balloon inflations through a single 7F or even 6F guiding

catheter. The effective side-by-side balloon diameter in the
proximal vessel can be estimated as the square root of the
sum of the squares of the individual balloon diameters (two
3.0 balloons have an effective combined diameter of
4.25 mm [square root of 18�9�9]). The results can be
improved, however, by the use of various bifurcation stent
strategies (see Chapter 24), or atherectomy of both the
parent and branch vessel (79; see Chapter 23).

Perforation of the coronary artery with a stiff guidewire
occurs rarely and does not necessarily have dire conse-
quences, unless a device is passed over the wire or the wire
perforation takes place in a patient receiving a platelet
IIb/IIIa receptor blocker. Frank rupture of the coronary
artery owing to use of too large a dilatation balloon or the
use of an atherectomy device (see Chapter 23) can also
cause vessel perforation that leads to rapid tamponade and
hemodynamic collapse (52,53). Perforations may be classi-
fied based on angiographic appearance as type I—extra-
luminal crater without extravasation; type II—pericardial
and myocardial blush without contrast jet extravasation;
and type III—extravasation through a frank (1-mm) perfora-
tion. In the absence of extravasation (type III), most perfora-
tions may be effectively managed without urgent surgical
intervention. Even type III perforations can be managed
nonoperatively with the combination of: pericardiocentesis,
reversal of anticoagulation, and either prolonged perfusion
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Figure 22.12 The effect of platelet glycoprotein IIb/IIIa receptor blockade on 6-month mortality
in a pooled analysis of 15,651 patients treated with balloon angioplasty in various 14 randomized tri-
als comparing the IIb/IIIa blockers with conventional heparin anticoagulation alone. (From Kelly D,
Arora D. Prognostic significance of myocardial enzyme release after coronary interventions. Cathet
Cardiovasc Intervent 1999;46:292, with permission.)



balloon inflation at the site of perforation or deployment of
a covered stent. If these approaches are not successful, perfo-
rations usually require surgical repair.

Tamponade also may result from perforation of the right
atrium or right ventricle during placement of temporary
pacemaker electrode catheters, particularly in angioplasty
patients who are receiving antiplatelet therapy in addition
to full anticoagulation. This potential complication and the
infrequency (�1%) of severe bradycardiac complications
support the recommendation against prophylactic pacing
during coronary angioplasty (15,16), although such pacing
is required for certain atherectomy and thrombectomy
procedures (see Chapter 23). Ventricular fibrillation occurs
in approximately 1% of angioplasty procedures (54), usu-
ally as the result of prolonged ischemia during balloon
advancement or inflation. In addition to causing electrical
instability, ischemia during balloon inflation may cause
marked electrocardiographic changes (80), abnormalities
in regional left ventricular systolic and diastolic function, as
well as regional myocardial lactate production (81,82).

Although angioplasty guidewires and catheters are
extremely reliable, device failures can occur when any device
is subjected to severe operating stresses (i.e., when a
guidewire is rotated repeatedly in a single direction while
its tip is held fixed in a total occlusion or when a balloon
catheter is inflated past its operating pressure range in an
attempt to dilate a resistant stenosis). In a small percentage
of cases, this may lead to detachment of a part of the wire
or dilatation catheter, with a fragment remaining in the
coronary artery (83). In the stent era, this also includes dis-
lodgment of a bare-mounted stent from its delivery bal-
loon or failure of the stent delivery balloon to inflate or
deflate properly. To avoid the need for surgical removal,
the angioplasty operator should be familiar with various
techniques (baskets, bioptomes, intertwined guidewires)
for catheter retrieval (84). Although hard to remember in
the heat of battle, any failed products should be saved,
sealed in a bag, and returned to the manufacturer for struc-
tural analysis that may disclose a root cause manufacturing
flaw. Device failures should also be reported to the Food
and Drug Administration (FDA) MAUDE (Manufacturer
user facility and distributor experience database) online at
www.accessdata.fda.gov/scripts/medwatch to facilitate the
recognition and tracking of patterns that may otherwise
appear as just a random device failure event to a single
operator. 

THE HEALING RESPONSE 
TO CORONARY 
ANGIOPLASTY—RESTENOSIS

Following successful balloon angioplasty, the body attempts
to repair the damage caused by the procedure-related
mechanical injury (85). Within minutes, a carpet of platelets
and fibrin is deposited. Within hour to days, inflammatory

cells begin to infiltrate the site, cytokines are released, and
vascular smooth muscle cells begin to migrate from the
media toward the lumen. These smooth muscle cells and
fibroblasts convert from their normal phenotype to a syn-
thetic phenotype and remain in this form as they undergo
hypertrophy, proliferate, and begin to secrete extensive
extracellular matrix (Fig. 22.13). The luminal surface is
simultaneously colonized by endothelial cells that slowly
regain their normal barrier function and secretory func-
tions in making tissue plasminogen activator (t-PA) and
endothelium-derived relaxation factor (EDRF). Along with
this proliferative neointimal response, there may also
be further elastic recoil and fibrotic contraction of the ves-
sel wall (i.e., negative vessel remodeling) during this
period. Different arteries and different interventions
appear to undergo different degrees of proliferation and
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Figure 22.13 Mechanisms of restenosis: Cross section of a
restenotic lesion in the left anterior descending artery 5 months
after initial coronary angioplasty shows the original atherosclerotic
plaque (AS), the crack in the medial layer induced by the original
procedure (star), and the proliferation of fibrocellular tissues (FC)
that constitutes the restenotic lesion. In stent restenosis, the mech-
anism is purely such proliferation, whereas in nonstent interventions
such as balloon angioplasty there is frequently also a component
owing to shrinkage of the overall vessel diameter (unfavorable
remodeling) at the treatment site. (From Serruys PW, et al.
Assessment of percutaneous transluminal coronary angioplasty by
quantitative coronary angiography: diameter versus videodensito-
metric area measurements. Am J Cardiol 1984;54:482.)



vessel contraction—for example, stents renarrow exclu-
sively by neointimal hyperplasia, whereas nonstent devices
also undergo a significant amount of late narrowing owing
to contraction of the entire vessel wall (86). There are also
significant patient-to-patient variations in the late healing
response after coronary intervention, reflected in variable
amounts of late loss in lumen diameter between the com-
pletion of the intervention and the time when the repair
process stabilizes (roughly 6 months). Follow-up angiog-
raphy shows continued maintenance of lumen diameter at
the treated site beyond 6 to 9 months (87).

If the healing response is excessive, however, most or all
of the gain in lumen diameter produced by the initial
intervention may be lost to the healing process. This causes
the return of a severe stenosis and ischemic symptoms—a
phenomenon known as restenosis of the dilated segment
(Fig. 22.14). Throughout the 1980s, restenosis was consid-
ered a dichotomous outcome (like death) that either did
or did not develop. Although a great deal was learned
about restenosis from the study of conventional angio-
plasty patients (e.g., its time course, histology, and various
clinical factors that correlated with an increased incidence
of restenosis; 88), data derived from stent and atherectomy
procedures led to new paradigms for evaluating restenosis

(89). In this paradigm, it was more useful to consider
restenosis as a continuous variable (like height), and to use
cumulative distribution curves to show the ranked popula-
tion distribution of the late result (expressed as either late
lumen diameter or late percent diameter stenosis) for the
whole treated population (Fig. 22.15). On the diameter
stenosis curve, the percentage of the population that has a
late diameter stenosis of �50% serves as a useful bench-
mark for comparing the angiographic restenosis rates
between different populations or treatment groups. 

Every treated lesion undergoes some degree of late loss,
but fortunately late loss usually negates only part (roughly
half) of the acute gain, so that a long-term net gain in
lumen diameter results with alleviation of myocardial
ischemia. In fact, there tends to be a roughly linear rela-
tionship between the acute gain in lumen diameter caused
by the intervention, and late loss in lumen diameter
(caused by the proliferative and fibrotic reaction of the
artery during the healing phase), whose slope (the loss
index) is roughly 0.5 for most interventions. This means
that larger lumen diameters immediately after intervention
translate into larger lumen diameters at 6-month angio-
graphic restudy (the “bigger is better” dictum). Prior to
drug-eluting stents (see below), all new mechanical devices
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Figure 22.14 Clinical restenosis. A–D. A totally occluded right coronary artery with filling of the
distal vessel by way of left to right collaterals. E. The essentially normal appearance of the right
coronary artery following successful angioplasty. F. The appearance 6 weeks later when angina had
recurred. G. The appearance following successful re-PTCA. Restenosis developed again 6 weeks fol-
lowing the second PTCA, but the patient was then asymptomatic for more than 6 years after a third
PTCA procedure. (From Dervan JP, Baim DS, Cherniles J, Grossman W. Transluminal angioplasty of
occluded coronary arteries: use of a moveable guide wire system. Circulation 1983;68:776.)



that have been able to deliver a lower restenosis rate than
balloon angioplasty have done so by providing a larger
acute lumen diameter (more acute gain), rather than by
reducing the loss index (Fig. 22.16). 

The central importance of the acute postprocedure
geometry to the late result, however, does not reduce the

importance of factors that modulate the loss index.
Biologic variables such as diabetes have a major effect on
increasing loss index and restenosis for any given postpro-
cedure result, and there has been a relentless search for
drugs or procedural variations that could decrease the loss
index “tax” rate. Although manipulating procedure-related
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Figure 22.15 The view of restenosis as a continuous process that takes place to some degree in
every treated segment favors displaying the late result (here, percent stenosis at follow-up) for the
whole treated population. For patients treated by balloon angioplasty, directional atherectomy, or
stenting, the Y axis shows the percent of patients who have a stenosis greater than the stenosis
value on the X axis. The ability of stenting and atherectomy to lower restenosis is shown by a shift of
their cumulative distribution function curves to the left. If a dichotomous definition of restenosis is
applied, the intersection of each curve with a late diameter stenosis of 50% (vertical line) corre-
sponds to a dichotomous restenosis rate of 43% for angioplasty, 31% for atherectomy, and 26% for
stenting. (From Kuntz RE, et al. Novel approach to the analysis of restenosis. J Am Coll Cardiol
1992;19:1493.)

Figure 22.16 Except for anti-proliferative therapies (i.e., drug-eluting stents and brachytherapy),
the strongest determinants of the probability of restenosis (late diameter stenosis of �50%) are a
large postprocedure lumen diameter and a low residual percent stenosis. Once these variables are
taken into account, it no longer matters which device had been used—it is the result and not the
device that matters. Balloon angioplasty (triangles) thus has a 2- to 2.3-mm lumen with a 40%
restenosis rate, whereas stenting has a 2.9- to 3.2-mm lumen with a 20% restenosis rate (slightly
worse results with stenting in the STRESS study are shown, as well). Directional atherectomy
(squares) has an angioplastylike result in CAVEAT but a more stentlike result in BOAT and OARS (see
Chapters 23 and 24). (Modified from Kuntz RE, et al. A generalized model of restenosis following
conventional balloon angioplasty, stenting, and directional atherectomy. J Am Coll Cardiol
1993;21:15.)



variables (such as duration of conventional balloon infla-
tion) have been unrewarding, and while trials of numerous
systemic drug regimens (aspirin, nifedipine, ticlopidine,
steroids, prolonged heparin administration, fish oil, mevino-
lin, ketanserin, etc.) have shown little or no beneficial effect
against restenosis, two modalities have now shown impor-
tant benefits against late loss and consequently, restenosis.

Brachytherapy

The delivery of 2,000 cGy (see Chapter 2) of either beta (90)
or gamma (91) radiation to the tissues of the coronary arter-
ial wall greatly retards intimal proliferation and the recurrent
restenosis rate within bare-metal coronary stents. While
some benefit was seen in some studies of atherectomy
debulking of in-stent restenosis, the combination of mechan-
ical dilation plus catheter-delivered brachytherapy is an effec-
tive treatment for in-stent restenosis, although much of the
benefit tends to be lost by 5-year follow-up. Trials of primary
radiation at the time of stenting were less impressive, and the
inhibition of stent endothelialization by radiation treatment
clearly increases risk of delayed stent thrombosis, which may
then occur up to 6 to 9 months after treatment. Since the
release of drug-eluting stents in 2003, however, the clinical
use of coronary brachytherapy has diminished markedly.

Drug-Eluting Stents

Contrary to the frustrations involved with finding an effec-
tive systemic drug to inhibit restenosis after angioplasty or
stenting, it is now clear that the local release of rapamycin
(sirolimus; 92,93) and its derivatives or of paclitaxel
(94,95) from a polymer matrix over the 30 days after stent
implantation can substantially reduce inflammation and
smooth muscle cell proliferation within a stent (see
Chapter 24). In this context, an effective drug reduces in-
stent late loss from the usual 1 mm (500 microns on each
side of the stent) to as little as 0.2 mm (100 micron on
each side of the stent) (95a). This dramatically reduces the
restenosis rate after initial stent implantation or after sec-
ondary implantation of a drug-eluting stent within an in-
stent restenosis. To provide maximal benefit, the length of
such drug-eluting stents should generally be somewhat
(approximately 10 mm) longer than that of the lesion
being treated to prevent injured but nontreated diseased
areas at each end of a shorter stent. Because drug-eluting
stents also have somewhat delayed endothelialization
compared with bare-metal stents, anti-platelet therapy
(aspirin and clopidogrel) must be extended (3 to 6 months
versus 2 to 4 weeks).

LONG-TERM RESULTS OF ANGIOPLASTY

Although the preceding discussion of restenosis empha-
sizes mechanistic and quantitative angiographic analyses

of late outcome (with an emphasis on the status of the
treated site), the long-term clinical benefit of coronary angio-
plasty as a strategy for treating patients with coronary artery dis-
ease derives from its ability to prevent subsequent ischemic
events. The traditional measure of this ability has been the
freedom of angioplasty patients from any subsequent
events, including death, myocardial infarction, or a repeat
revascularization procedure (either repeat PTCA or late
bypass surgery). As trials of new devices have unfolded,
however, it has become increasingly important to distin-
guish whether a late cardiac event consists of repeat target
lesion or target vessel revascularization (i.e., TLR or TVR)
owing to restenosis of the dilated segment, or whether the
late event is a result of a non-TVR caused by he unchecked
natural history of coronary artery disease (i.e., the persis-
tence or progression of disease elsewhere in the coronary
tree; 89). In general, the events that develop during the
restenosis window—the first 8 to 12 months after successful
angioplasty—reflect predominantly restenosis of the treated
segment. Given the quiescence of the dilated lesion there-
after, most of the events that develop after 12 months reflect
the progression of disease at other sites (Fig. 22.17; 37).

One-year data from 838 patients with single-vessel dis-
ease in the 1985–1986 registry (96) shows mortality in
1.6%, MI in 1.9%, repeat angioplasty in 18.1%, and bypass
surgery in 6.2% after balloon angioplasty. In subsequent
studies of bare-metal stenting, the incidence of repeat
revascularization within the first year in patients with sin-
gle vessel intervention fell to 12 to 15% (97). With current
drug-eluting stents, the 1- and 2-year TLR rates are as low as
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Figure 22.17 Five-year clinical follow-up after bare-metal stent-
ing. This graph shows that the incidence of adverse clinical events
owing to restenosis reaches its peak by 1 year and is then relatively
flat to 5 years. Cumulative adverse events (solid line), however,
continue to increase during years 2 through 5 and actually outnum-
ber restenosis events by year 5. This illustrates the importance of
aggressive risk factor modification on long-term clinical well-being,
even if the incidence of restenotic events in the treated segments
were to fall to zero. (From Cutlip DE, Chhabra A, Baim DS, et al.
Beyond restenosis—five year clinical outcomes from second-
generation coronary stent trials. Circulation 2004;110:1226–1230,
with permission.)



4 and 6%, respectively, whereas bare-metal stents rates
remain 16 and 20% at 1 and 2 years, respectively (92–95).
No matter how low the in-stent restenosis rate falls, it is
important to realize that this cannot address late failures of
the nontarget lesion sites owing to progression of disease
(37), and thus underscores the importance of aggressive
attention to risk-factor reduction in the post-PCI patient.

The repeat revascularization rates for patients with dia-
betes or multivessel disease are clearly higher than those in
nondiabetic patients with single-vessel disease (see below).
In the 1985–1986 registry (96), patients with multivessel
disease had a higher in-hospital mortality (1.7 versus
0.2%), more common adverse events within the first year
after hospital discharge (mortality in 2.8%, MI in 3.4%),
but a significantly higher need for repeat revascularization.
This pattern has been borne out in the randomized trials
comparing angioplasty with bypass surgery in patients
with multivessel coronary artery disease, where up to 35%
of angioplasty patients (but only 5% of surgery patients)
require a repeat revascularization within the first year after
treatment (98,99) Even with bare-metal stenting in the
ARTS study (100), PCI patients with multivessel disease
still showed a roughly 20% greater need for repeat revascu-
larization than surgery patients (Fig. 22.18). By compari-
son, 4 to 6% TVR rates for drug-eluting stents should allow
PCI to offer similarly low late repeat revascularization rates
as surgery, although trials of drug-eluting stents in patients
with multivessel disease are still in progress at this time.

Special attention will need to be paid to patients with dia-
betes mellitus, since they have significantly higher TVR
rates in both the drug-eluting and bare-metal stent arms
(10 and 28.8%, respectively; 101). 

CURRENT INDICATIONS

With the improvements in equipment and technique
described above, coronary angioplasty has become the
dominant form of coronary revascularization (1,000,000
PCI versus 350,000 CABG procedures; 5). This growth in
PCI beyond the concomitant reduction in bypass surgery
volume suggests that the use of angioplasty has moved
beyond the narrow group of patients who would have
undergone bypass surgery (as had been suggested in the
original NHLBI registry guidelines), to the point where it is
now also seen as an alternative to medical therapy in
selected patients. Data from Emory between 1981 and
1988 (102) thus showed that the percent of diagnostic
catheterization patients who went on to coronary angio-
plasty increased from 4.3 to 30.3%, whereas the percent
undergoing bypass surgery decreased only from 44.0 to
28.5%. Nearly as much angioplasty growth over that period
was thus explained by contraction of the fraction of patients
treated medically (from 51.7 to 41.2%) as by the shift from
surgery to angioplasty. Similar patterns are shown in a sur-
vey from 1989 to 1997 at the 17 U.S. sites that participated
in the Bypass Angioplasty Revascularization Investigation
(BARI), where the percent of all revascularizations that
were catheter based (versus surgical) increased from 52.2%
to 62% by 1997 (103).

Because the person who is responsible for case selection
is often the person who will perform the angioplasty, it is
critically important that operators have a full understand-
ing of the indications and outcomes so that only suitable
patients are treated. The issues that need to be addressed
include the following: (a) How compelling is the clinical
justification for revascularization, (b) do the “culprit”
lesions have anatomic features that would give a reasonable
level of safety and probability of successful PCI, (c) does
PCI compare favorably (or at least equally) with the other
therapeutic options such as bypass surgery or continued
medical therapy in this patient, and (d) what combination
of interventional devices would offer the best short- and
long-term outcomes. This evaluation process thus involves
integration of complex clinical, angiographic, pathophysi-
ologic, and technical knowledge to decide that a particular
patient is or is not an angioplasty candidate, and therefore
constitutes an important component of angioplasty opera-
tor training (see Chapter 1).

With the rapid growth of coronary angioplasty, there have
been a series of position papers outlining the “correct” use of
this procedure (15–17,103a). The ACC/AHA first published
Angioplasty Guidelines in 1988, revising them in 1993,
2001, and 2004. These statements are useful compilations
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Figure 22.18 Improving results of PCI compared with bypass
surgery (CABG). In a series of trials spanning a decade from
1994–2004, the 180-day event-free survival of bypass surgery has
remained 91%. This was markedly superior to PTCA in CABRI (32%
absolute difference) owing to the effect of restenosis. In ARTS, this
deficit improved to 11% with the use of bare-metal stenting. In the
ARTS 2 trial, the event-free survival of drug-eluting stents was
actually superior to that of bypass by 2.6% at 180 deep, with major
adverse clinical events of 10.4 and 11.6 respectively at 1 year follow-
up. (Courtesy of Prof. Patrick Serruys and Legrand VM, Serruys
PW, Unger F, et al. Three-year outcome after coronary stenting ver-
sus bypass surgery for the treatment of multivessel disease (ARTS).
Circulation 2004;109:1114, with permission).



that outline some well-accepted indications and contraindi-
cations for coronary angioplasty and are available online at
http://www.acc.org/clinical/topic/topic.htm. It is beyond
the scope of this chapter to review these guidelines in detail,
and the reader is referred to this excellent source material
and summaries (103a). The discussion below includes some
general commentary on specific situations.

Mild Stable Angina or Asymptomatic 
Patients with Ischemia

Patients with stable angina or asymptomatic myocardial
ischemia are considered as candidates for coronary inter-
vention if they have objective evidence of ischemia, hemo-
dynamically significant lesions in one or two coronary
arteries that subtend a moderate or large area of viable
myocardium, and a high likelihood of success and a low
risk of morbidity and mortality for PCI (16). It is clear that
most of these patients in this category could be treated
medically, and it is important to note that randomized tri-
als of medical therapy versus PCI such as RITA-2 have
failed to show benefit in freedom from death and MI,
although they have shown less angina and better exercise
tolerance in the PCI group (104,105). The Asymptomatic
Cardiac Ischemia Pilot (ACIP) study (106) randomized
558 patients suitable for revascularization by PTCA or
CABG to three treatment strategies: angina-guided drug
therapy, angina plus ischemia-guided drug therapy, and
revascularization by PTCA or CABG (102 PTCA and 90
CABG). At 2 years of follow-up, the revascularization
patients had less death or MI (4.7% versus 8.8% for the
ischemia-guided group and 12.1% for the angina-guided
group, P � 0.01). This suggests that outcomes of revascu-
larization with PTCA are very favorable compared with
medical therapy in patients with asymptomatic ischemia
on treadmill testing or ambulatory monitoring and severe
anatomic coronary disease favorable for PCI. 

Of note (in contradistinction to the earlier version), the
2005 Guidelines no longer make the distinction between
single-vessel and multivessel disease for nondiabetic
patients. The issue of PCI versus CABG in multivessel dis-
ease has been addressed by several large randomized trials
that demonstrate (in appropriately selected patients with
multivessel coronary disease) that an initial strategy of
standard PTCA yields similar overall outcomes (e.g., death,
MI) compared with initial revascularization with coronary
artery bypass (98,99). For example, in BARI the 5-year sur-
vival for those assigned to PTCA (note: performed with
neither stents nor IIb/IIIa receptor blockers) was 86.3%
versus 89.3% for those assigned to CABG (P � 0.19), with
similar freedom from Q-wave MI of 78.7% and 80.4%,
respectively. By 5 years of follow-up, however, nearly 54%
of those assigned to PTCA had undergone additional revas-
cularization procedures, compared with only 8% of the
patients assigned to CABG. It is important to note that
patients with diabetes mellitus were an important exception

to the survival neutrality of PCI versus CABG in BARI, having
a significantly lower 5-year survival (65.5% versus 80.6% for
CABG, P � 0.003) if they received at least one internal mam-
mary artery graft (107). Interestingly, most of the mortality in
the diabetic patients followed myocardial infarction, and one
important difference between CABG and PCI is that only the
former protects the distal myocardium against subsequent
plaque rupture in untreated portions of the vulnerable
proximal epicardial segments (108,109). Furthermore, the
benefit of surgery is not absolute, since diabetic patients
enrolled in the BARI registry failed to show a similar
advantage for CABG over PCI (110), suggesting that physi-
cian judgment in the selection of diabetic patients for PCI
may be an important factor. This important question
regarding the management of diabetic patients with multi-
vessel coronary artery disease will be addressed using drug-
eluting stents in the upcoming FREEDOM trial.

Moderate Stable and Unstable Angina

It is recommended the PCI be done in patients with mod-
erate or severe symptoms (angina Class II to IV, unstable
angina or non–ST-elevation MI) with one or more signifi-
cant lesions that subtend a moderate or large area of viable
myocardium and are suitable for PCI with a high likeli-
hood of success and low risk of morbidity or mortality.
Although some studies of unstable angina such as TIMI-
IIIB (111) and VANQWISH (112) have shown little benefit
of routine PCI over aggressive medical therapy, more
recent studies such as FRISC II (113), which used IIb./IIIa
receptor blockers and stenting, have shown a 22% reduc-
tion (from 12.1 to 8.4%) in death or MI at 6 months and
a 50% reduction in hospital readmission, compared with a
conservative strategy in which PCI was reserved for
strongly positive exercise test results. Similar benefit was
seen in the TACTICS-TIMI 18 study (114), with a reduc-
tion in death, MI, and rehospitalization (from 19.4 to
15.9%, P � 0.0025), as well as death or MI (from 9.5 to
7.3%, P � 0.05) at 6 months.

ST-Elevation Myocardial Infarction

The treatment of acute MI has undergone a major revolu-
tion over the past 15 years, with the recognition that intra-
coronary thrombosis is the final mechanism of vessel
occlusion and the understanding that prompt re-establish-
ment of vessel patency offers significant clinical benefit
(17,115). Although current thrombolytic regimens can
open nearly 75% of infarct vessels within 90 minutes of
intravenous administration, approximately 15% of vessels
fail to open in response to thrombolytic therapy, only half
the open vessels have normal (TIMI grade 3) flow, and at
least 10% of vessels opened by thrombolysis either reoc-
clude or cause recurrent angina during hospitalization
owing to the persistence of an underlying high-grade ath-
erosclerotic stenosis. On the other hand, trials comparing
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thrombolysis to primary angioplasty have consistently shown
lower mortality (5.0 versus 7.0%, P � 0.0002), less nonfatal
reinfarction (3.0% versus 7.0%, P � 0.0003), and less hem-
orrhagic stroke (0.05% versus 1%, P � 0.0001) with primary
angioplasty (both PTCA and stenting) (Fig. 22.19; 116). 

The current PCI guidelines thus recommend that pri-
mary PCI should be performed in patients with STEMI
who present within 12 hours of symptom onset, if per-
formed in a timely fashion (medical contact-to-balloon or
door-to-balloon time �90 minutes) by persons skilled in
the procedure, working in an appropriate laboratory envi-
ronment (16). This includes patients with severe conges-
tive heart failure and/or pulmonary edema (Killip Class 3)
presenting within 12 hours of the onset of infarction, par-
ticularly if they are younger than 75 years old (116,117). It
may be reasonable to perform primary PCI in older
patients with good prior functional status, or patients with
onset of symptoms within the prior 12 to 24 hours who
present with severe congestive heart failure, hemodynamic
or electrical instability, or persistent ischemic symptoms.
Patients with an acute ST-elevation myocardial infarction
may undergo primary PCI safely at community hospitals
that do not offer elective angioplasty, as long as a trained
team and trained operators are present (17,118). Studies
such as DANAMI-2 (119) suggest alternatively that inter-
hospital transfer for primary PCI at an angioplasty center is
still preferred over thrombolysis, even if the treatment
delay would be up to 45 minutes (frequently possible if
the receiving hospital team uses the transfer time to come
in and set up the cath lab). Patients with anterior wall
STEMI who have failed to reperfuse after thrombolytic
therapy have also been shown to benefit from salvage PCI
performed within the first 8 hours after symptom onset,
with a reduction in rates of in-hospital death and com-
bined death and congestive heart failure up to 1 year in the
Randomized Evaluation of Rescue PCI with Combined
Utilization Endpoints (RESCUE) trial (120).

Although primary PCI can restore epicardial flow
promptly, many patients fail to have complete restoration
of myocardial perfusion (reflected by impaired or persistent
myocardial blush and delayed resolution of ST-segment ele-
vation). In fact, this is the original situation in which no-
reflow was described. Although this may simply reflect
myocardial, endothelial swelling, or white cell aggregation,
it may also reflect distal embolization of thrombus or ath-
erosclerotic debris released during treatment of the infarct
lesion. Platelet glycoprotein IIb/IIIa receptor blockers have
shown only modest benefit in this regard (121,122), and
studies of routine thrombectomy or distal embolic protec-
tion with a distal occlusion/aspiration device have so far
failed to show significant improvement in ST-segment res-
olution or radionuclide-measured myocardial infarct size
as a percent of the left ventricle (see Chapter 23). This does
not reduce the benefit of thrombectomy in vessels with a
large thrombus burden or use of embolic protection in
selected patients in patients. Other modalities such as

moderate systemic hypothermia (32 to 34	C), local infu-
sion of hyperbaric oxygen, and metabolic support for the
reperfused myocardium are still under study for their
potential to reduce infarct size and enhance myocardial
recovery after primary PCI for acute myocardial infarction
(115).

Prior Coronary Bypass Surgery

Bypass surgery provides excellent early symptomatic bene-
fit, but 40% of saphenous vein conduits will be occluded
and many more will develop severe narrowing within 10
years of surgery (118). Although only 2% of such patients
require angioplasty or repeat bypass surgery within the first
5 years, 31% will require a repeat revascularization by year
12 (including 20% reoperation and 15% PTCA; 123).
Internal mammary conduits have a better long-term track
record (124), but some of these grafts develop significant
early stenosis at their distal anastomotic site. Finally,
patients with previous bypass surgery frequently develop
new or progressive disease beyond a graft insertion site or
in a nongrafted vessel over time. By these various mecha-
nisms, it is common for the patient who has undergone a
previous bypass operation to develop recurrent angina.

Although recurrent angina can be managed by repeat
bypass surgery, repeat surgery is a higher-risk procedure in
a patient population that is older and sicker than those
undergoing initial bypass. With the progressive growth of
coronary angioplasty, many such patients can be managed
by catheter-based intervention on the diseased graft or a
stenotic native vessel, so angioplasty of postoperative
patients accounts for approximately 20% of current vol-
ume. Although angioplasty has lower in-hospital mortality
than reoperation (1.2 versus 6.8%), late mortality is simi-
lar, and angioplasty carries a higher incidence of repeat
interventions including a 24% 5-year risk of requiring
reoperation (125,126). The approach varies according to
the timing and location of the culprit lesion.

Vein-graft stenoses that present within the first year after
surgery are caused most commonly by intimal hyperplasia
and respond quite well to balloon dilatation. Late vein-graft
stenoses (average 8 years postsurgery) are caused more
commonly by diffuse atherosclerosis that has a distinct
tendency to fragment and/or embolize into the distal coro-
nary bed during dilatation (127; Fig. 22.20). The SAFER
trial using the PercuSurge distal occlusion aspiration
embolic protection system showed that atheroembolic
material was recovered routinely during SVG stenting and
that embolic protection offered a 42% reduction in major
adverse clinical events at 30 days compared with stenting
over a conventional guidewire (49). The FIRE trial showed
that similar benefit is provided by a distal filter device (50;
see also Chapter 24). Stenting was shown to provide better
freedom from saphenous vein graft (SVG) restenosis than
PTCA in the small SAphenous VEin graft Disease (SAVED)
trial (128), making stenting the preferred therapy for the
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Figure 22.19 Primary angioplasty for acute myocardial infarction (MI).
Top frame. A primary angioplasty procedure showing baseline total occlu-
sion of the proximal left anterior descending (arrow). Two hours into acute
anterior MI with cardiogenic shock. Center frame. Primary angioplasty is
shown with placement of a perfusion balloon across the area of occlusion.
Bottom frame. Postangioplasty, there is no residual stenosis (arrow) and
brisk antegrade flow. Despite a peak CPK approaching 2,000, this patient’s
hemodynamic status recovered promptly, with normal wall motion on gated
nuclear ventriculography 6 weeks later. Bottom graphic. Meta-analysis of
7,739 patients with acute STEMI randomized to thrombolysis or primary PCI
in 23 trials, showing significant reduction in mortality (A, from roughly 7 to
5%), nonfatal reinfarction (B, from roughly 7 to 3%), and stroke (C, from 2 to
1%) for a reduction of combined adverse end points from 14 to 8% by
primary angioplasty. (From Keeley EC, Boura JA, Grines CL. Primary angio-
plasty versus intravenous thrombolytic therapy for acute myocardial infarc-
tion: a quantitative review of 23 randomised trials. Lancet 2003;361:13–20,
with permission.) 



treatment of the diseased vein grafts, and preliminary data
with the drug-eluting stents in SVG are encouraging (93).
But it is important to note that about half of the sympto-
matic recurrences in SVG stenting are owing to progression
of disease at other nonstented portions of the SVG
(129,130), begging the question as to whether the avail-
ability of low-restenotic-rate drug-eluting stents and distal
embolic protection make it beneficial to “reline” much of
the length of a graft with a focal stenosis and signs of more
diffuse degeneration. 

In addition to plaque friability, older grafts frequently
contain thrombus, which may embolize during attempted
angioplasty. Grafts with large thrombotic filling defects
were once pretreated by intracoronary infusion of a throm-
bolytic agent (e.g., urokinase 50,000 to 100,000 IU/hour
or recombinant tissue plasminogen activator [rt-PA] 20 mg
over 20 minutes) to dissolve the clot and allow the under-
lying stenosis to be dilated (Fig. 22.21), but are now gener-
ally treated with rheolytic thrombectomy (Possis AngioJet)
to remove thrombi before definitive mechanical interven-
tion (131; see also Chapter 23). Of course, the other option
in a patient with a failing high-risk vein graft lesion is to
open the corresponding native vessel, which is more rea-
sonable now with the availability of new technologies for
crossing chronic total occlusions, but patients with multi-
ple failed and/or totally occluded SVGs should generally
be considered for reoperation.

Unlike saphenous veins, internal mammary artery grafts
are generally resistant to disease, with a 10-year patency
rate of greater than 90% (124). Still, some patients develop
recurrent angina early (within 6 months) after bypass

surgery owing to stenosis of the internal mammary/native
artery anastomosis. These lesions can be dilated effectively
using low-profile, trackable dilatation catheters (132) with
a moderate (approximately 20%) restenosis rate (Fig. 22.21).
Current bare metal and drug-eluting stents can track
through internal mammary grafts to treat these distal
anastomotic lesions as well. When evaluating patients
with recurrent ischemia in the distribution of an internal
mammary graft, it is also important to investigate the pos-
sibility of subclavian or brachiocephalic stenosis proximal
to the internal mammary origin, which can now be treated
by angioplasty or stent placement. Limited data regarding
angioplasty of gastroepiploic artery grafts suggest similar
results of angioplasty in these arterial conduits (133).
Although technically also a graft, the response of the diffuse
lesions characteristic of cardiac homografts (accelerated
allograft vasculopathy) to coronary angioplasty have not
been well characterized (134).

Total Coronary Occlusion

Although total occlusion was initially a contraindication to
attempting angioplasty, it has been clear since the early to
mid-1980s that many chronic total occlusions can be
dilated successfully. The main reason to attempt such a
procedure is to relieve angina caused by an inadequate col-
lateral supply to viable distal myocardium (Fig. 22.22),
but there is growing evidence that opening chronic total
occlusions can also improve regional wall motion and
perhaps even improve survival (perhaps by establishing
another collateral source to protect against progression of
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Figure 22.20 Saphenous vein graft intervention. Left. Eccentric stenosis in the midportion of an
8-year-old saphenous vein graft to the left anterior descending. Center. Following conventional bal-
loon angioplasty, there is marked disruption of the plaque and elastic recoil, leaving a 70% residual
stenosis. Right. Following placement of a single balloon-expandable stent, there is a smooth lumen
with no residual stenosis. These excellent acute results, plus the favorable late restenosis rate, make
stenting the treatment of choice for the focally diseased saphenous vein graft, although today stent
placement would be performed in conjunction with distal embolic protection (see Chapter 23) and
might make use of a drug-eluting stent (see Chapter 24).
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Figure 22.21 LIMA angioplasty. This 58-year-old man developed recurrent angina 5 months after
bypass surgery that had involved grafting of the left internal mammary artery (LIMA) to the left ante-
rior descending (LAD) coronary artery (whose proximal segments had exhibited early restenosis
after two rotational atherectomy procedures). Left. In the left lateral projection, severe stenosis
(curved arrow) is seen at the distal anastomosis where the IMA meets the LAD. Center. Inflation of a
3.0-mm over-the-wire angioplasty balloon at 70 psi. Right. Posttreatment angiography shows 20%
residual stenosis. This site and timing (as well as the favorable response to conventional balloon
angioplasty) are typical for postoperative problems with the internal mammary graft, although it
would be more common now to use a drug-eluting stent to treat this type of lesion.

Figure 22.22 Chronic total occlusion of the
right coronary in a patient with prior bypass
surgery and an occluded graft. Top left. Some
antegrade filling was evident owing to bridging
collaterals, so that placement of a second
catheter for contralateral injection of additional
collateral-supplying vessels was not necessary.
Top right. The IntraLuminal Therapeutics Safe-
Cross guidewire was advanced, using optical guid-
ance and radiofrequency (RF) ablation. Bottom
left. A stiff (4.5 gm) conventional guidewire was
substituted to make the sharp angulation into the
distal vessel. Bottom right–Final result. (From
Baim DS, et al. Utility of the Safe-Cross-guided
radiofrequency total occlusion crossing system in
chronic coronary total occlusions (results of the
GREAT Registry Study). Am J Cardiol 2004;94:
853–858, with permission.)



contralateral disease; 135). The main challenge in angio-
plasty of a total occlusion is the need to pass a guidewire
through the area of occlusion and into the vessel lumen
beyond. This is best done by crossing through the path of
least resistance, i.e., the “latent” true lumen, without caus-
ing vascular dissection or perforation in the attempt to do
so. The traditional approach is to use a series of guidewires
(progressing from soft- to stiff-tipped) to gently probe the
stump of the occlusion. The wire is then rotated and
advanced millimeter by millimeter through the total occlu-
sion until it emerges into the distal coronary artery
beyond. At each point, the direction of the wire tip is
guided by feel as well as careful fluoroscopy (in multiple
projections), and with simultaneous injection of the
occluded vessel and the contralateral vessel, which sup-
plies distal collaterals. 

Even in experienced hands, this approach has a pri-
mary success rate in chronic total occlusion of only 60 to
70% (135,136), owing mostly to inability to advance the
guidewire across the occlusion. The presence of one or
more chronic total occlusions is thus one of the most
common reasons for sending a patient to bypass surgery
rather than attempting angioplasty (137). The success of
crossing such lesions has improved with the introduction
of stiffer and lubricious coated guidewires as described
above. A variety of other approaches have been evaluated,
including the low-speed rotational angioplasty, ultra-
sound vibrational angioplasty, and the excimer laser
guidewire (138), but none has significantly increased the
ability to cross the chronic total occlusion without
increasing the incidence of vessel perforation or extensive
local dissection. Still newer techniques have been intro-
duced recently, including the LuMend Frontrunner (blunt
microdissection with a 0.039-inch double-jaw catheter;
139) and the IntraLuminal Therapeutics Safe-Cross wire
(optical computerized reflectometry to detect proximity to
the vessel wall, plus the ability to deliver radiofrequency
energy to the catheter tip to facilitate advancement of for-
ward-looking imaging; 140). Each device has shown a
roughly 70% secondary success rate after the failure of
good-faith attempts using conventional guidewires, with
low (1 to 2%) incidence of perforation. 

Once the guidewire has been passed into the distal ves-
sel, treatment of the total occlusion proceeds as does any
other catheter-based intervention. Rarely, it may not be
possible to pass even a 1.5-mm low-profile balloon through
the occluded segment over the guidewire, and rotational
atherectomy or a small (0.9-mm diameter) excimer laser
catheter may be needed (see Chapter 23), followed by
angioplasty and stenting. Randomized trials have shown
that bare metal stents have a restenosis rate of 32% in
chronic total occlusions, compared with 74% with balloon
angioplasty alone (141,142) Preliminary data with drug
eluting stents are encouraging, so that maintaining long-
term patency should not be a challenge if primary wire
crossing can be achieved.

Left Main Intervention

Significant left main (LM) disease has traditionally been an
unequivocal indication for bypass surgery. One exception
was “protected” left main lesions, in which the presence of
a patent bypass graft to either the LAD or circumflex made
the lesion functionally the proximal part of the other left
coronary branch. While these lesions have been stented
for a number of years, the “unprotected” left main has
remained categorized as a high-risk procedure (143). Early
work with PTCA showed that acute procedural success was
favorable, particularly in patients with good LV function
treated electively (144). But patients with poor LV function
had acute in-hospital complications �20%. More concern-
ing was the tendency for restenosis to present as sudden
death, which has led to routine angiographic restudy at
2 to 3 months, followed by elective surgery for restenotic
lesions (144–147). With the advent of DES, the concept
of PCI of unprotected LM has gained further interest and
is being explored in several small registries (148). Although
placement of a drug-eluting stent in the ostial or midshaft
portions of the left main is generally straightforward,
treatment of distal bifurcation left main lesions requires
special techniques (see Chapters 23 and 24) and often
hemodynamic support (see Chapter 19). At the present
time, however, such treatment should probably not be
offered broadly to patients who have good surgical options.

FINANCIAL AND REGULATORY
CONSIDERATIONS

Because coronary angioplasty is performed in a cardiac
catheterization laboratory under local anesthesia, it is
attended by substantially lower in-hospital costs than coro-
nary bypass surgery. On the other hand, this cost benefit
has been partially eroded by the greater need for repeat
procedures to treat restenosis within the first year.
Although drug-eluting stents decrease this need, they sub-
stantially increase the acute procedural costs. So the net
cost savings thus depend on the balance among these vari-
ables. In general, however, current interventional practices
have proven either cost-saving or cost-effective relative to
surgery, and they offer less patient morbidity, faster return
to work, equivalent mortality benefit and symptom relief
(barring the restenosis). PCI is thus usually preferred when
anatomically possible. Since the decision is being made by
the same operator (the cardiologist who performs the diag-
nostic catheterization frequently makes the decision about
treatment and then performs the coronary angioplasty),
the large expense associated with catheter revascularization
has increasingly made angioplasty a target for scrutiny in
the managed-care environment.

In addition to issues about the appropriateness of
angioplasty procedures and markedly different usage rates
across the country, there is also a major question about

Chapter 22: Percutaneous Balloon Angioplasty 461



whether every hospital should offer bypass surgery or
angioplasty. In fact, only about 1,500 of the nation’s
7,000 hospitals do so, but there is continued pressure on
those that do not to open such programs. Data from a
nationwide study of 217,836 Medicare beneficiaries who
underwent coronary angioplasty (149) clearly show
excess mortality and emergency surgery rates in hospitals
that perform �200 angioplasty procedures per year.

These issues also apply to the training and continued
caseload for angioplasty operators (150,151). Early in the
development of coronary angioplasty, physicians active in
diagnostic catheterization learned to perform angioplasty
by attending live demonstration courses and watching or
assisting on a small number of procedures (i.e., 10 to 20)
under the guidance of a knowledgeable operator. Given the
ever-increasing complexity of the procedure, however, vir-
tually all new angioplasty operators since the mid-1980s
have received formal training consisting of a third (or
third and fourth) year of interventional fellowship beyond
completion of their training in diagnostic coronary
angiography. Those fellowships are now approved by the
Accreditation Council for Graduate Medical Education
(ACGME; see Chapter 1) and require the interventional
trainee to perform a minimum of 250 procedures (152).
After fellowship, operators who maintain an interventional
load of �75 cases per year generally have a lower rate of
risk-adjusted complications than lower-volume operators,
including in the stent era (153). Although some data sug-
gest that operators slightly below this number can main-
tain good outcomes by working in supportive very-high-
volume centers (154), this may not extend to the many
operators who perform less than half of the recommended
annual caseload and work in less-supportive low-volume
centers. Since the American Board of Internal Medicine
began offering a Certificate of Additional Qualification in
Interventional Cardiology to graduates of approved fellow-
ships in 1999, fewer than 4,500 of an estimated 8,000 car-
diologists who perform percutaneous coronary interven-
tion have met the eligibility criteria, taken, and passed the
certification exam. As catheter-based interventions con-
tinue to evolve toward progressively more challenging clin-
ical and anatomic situations, and as the development of
new technologies for coronary intervention continues, this
gap between committed interventional cardiologists and
casual practitioners is thus likely to continue to grow. 

THE ROLE OF BALLOON ANGIOPLASTY
IN THE NEW DEVICE ERA 

Between its introduction in 1977 and 1990, conventional
balloon angioplasty (POBA, or plain old balloon angio-
plasty) was the only mechanical intervention available for
percutaneous coronary revascularization. The choice of
devices was very much like the situation described by Mark
Twain: “To the man with a hammer, everything looks like a

nail.” In contrast, the period from 1988 through 1994 saw
unparalleled investigation of a wave of new stent and
atherectomy devices. The first of the new devices (direc-
tional coronary atherectomy) was approved by the FDA in
1990, with approval of two other atherectomy devices
(rotational and extraction atherectomy), excimer lasers,
and two balloon-expandable stents by 1994. Newer classes
of devices (thrombectomy, distal protection, brachyther-
apy, total occlusion crossing, etc.) have continued to be
introduced, progressively reducing the role of conventional
balloon angioplasty as a stand-alone tool for coronary
intervention (Fig. 22.23).

Operators must master these new technologies if they
provide advantages in terms of (a) the predictability of the
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Figure 22.23 Rapid replacement of balloon angioplasty by
stenting and atherectomy modalities in the early new device era
(1994–1999). Top. During this 5-year period, there was a dramatic
increase in the use of stenting (from 29 to 68% of interventions) as
well as ongoing use of atherectomy (directional plus rotational
atherectomy from approximately 22% of interventions), but a cor-
responding decrease in the use of stand-alone balloon angioplasty
(from 50% to 21% of interventions). Stenting is now used in �98%
of interventions, with atherectomy and stand-alone balloon angio-
plasty �5% each. Bottom. The clinical benefits of the new device
trend were reflected in the ability to treat a broader range of lesion
types, an increase in primary success rate (from 92 to 98%), and a
halving in the incidence of major complications (death, large MI 
[Q-MI or CK greater than five times normal] or emergency surgery
from 3.7 to 1.8%). The use of intravenous platelet glycoprotein
IIb/IIIa receptor blockers in the approximately 20% of patients in
whom a perfect mechanical result could not be achieved by
catheter-based techniques may have also contributed to this
improvement in adverse outcomes. 



acute result, (b) the quality of the acute result (less residual
stenosis), (c) the ability to treat a lesion that would have
been refractory to conventional angioplasty, or (d) the
ability to reduce the incidence of subsequent restenosis.
The best example is the balloon-expandable stent, which trig-
gered a paradigm shift, moving from a bailout device, to a
provisional way to treat suboptimal PTCA results, to the
default coronary treatment (now replaced by drug-eluting
stents, as described above). Although this has reduced bal-
loon angioplasty to more of an adjunctive treatment (for
predilation to aid in device passage, or postdilation to
improve the new device-created result) rather than a stand-
alone treatment, I still believe that the skills, knowledge,
and judgment derived from balloon angioplasty over the
last 25 years will continue to form the foundation on
which broader interventional skills are built during the
years to come.
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Although balloon angioplasty (Chapter 22) and coronary
stenting (Chapter 24) are the mainstays of coronary inter-
vention, various adjunctive technologies have been used to
augment their results. These include devices that remove
plaque from lesions (atherectomy), devices that remove
clots from vessels (thrombectomy), and devices that cap-
ture and remove embolic debris (embolic protection),
which are the subject of this chapter.

Atherectomy devices widen the coronary lumen by
removing rather than merely displacing atherosclerotic
plaque. They include cut-and-retrieve devices (directional
atherectomy; 1–3) as well as atheroablation without recov-
ery of the resulting debris (rotational [4,5] and laser atherec-
tomy [6]). These devices were originally developed as
primary treatments to limit restenosis, but in current practice
they are more commonly used to enhance the procedural
outcome of balloon angioplasty or stent placement in cer-
tain complex lesion subsets (uncrossable or undilatable
lesions, or bulky origin plaques). As such, the proportion
of interventions that involve atherectomy has diminished
(from a high of 30% in the early 1990s to 5 to 10% since
the emergence of drug-eluting stents). Although stents gen-
erally provide equivalent or better short- and long-term
results in addition to less complexity, time, and cost, the
unique capabilities of the atherectomy devices make it
important for the skilled interventionalist to understand
the available techniques and be able to match available

devices with patient and lesion characteristics to optimize
acute angiographic results and procedural safety. 

This chapter will also review thrombectomy devices
(including the Possis AngioJet Rheolytic thrombectomy
catheter) and the rapidly proliferating class of embolic protec-
tion devices (which trap and recover atheroembolic particu-
late debris liberated from the lesion in the course of coronary
intervention). The use of embolic protection has become rou-
tine during stenting of degenerated saphenous vein bypass
grafts and is evolving rapidly in other coronary and periph-
eral interventional settings (see Chapters 22, 24, and 26).

ATHERECTOMY

Directional Coronary Atherectomy (DCA)

Device Description

The directional coronary atherectomy catheter (Simpson
AtheroCath, Guidant, Santa Clara, CA) was first used in
human peripheral vessels in 1985 (1) and in coronary
arteries in 1986 (7). The coronary device was approved in
1990, following a large multicenter registry experience (8).
Despite several minor improvements, the basic concept
remains intact—a windowed steel housing is pressed up
against the lesion by a low-pressure positioning balloon,
allowing any plaque that protrudes into the window to be
shaved from the lesion by a spinning cup-shaped cutter
and trapped in the device nose cone. The coronary devicea Dr. Richard Kuntz was a coauthor of this chapter in previous editions.
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tracks over a 0.014-inch guidewire (Fig. 23.1), and wire
braid in the shaft of the catheter allows the device to be
rotated to facilitate its advancement across the lesion and
to provide precise rotational orientation of the cutting win-
dow in the lesion. During cuts, a battery-powered motor
drive unit spins the cup-shaped cutter at approximately
2,500 rpm as the cutter is manually advanced across the
window using a small lever on the motor drive unit. The
current design (Flexi-Cut) uses a single 6F housing with a
wider window opening than on previous devices (160 ver-
sus 120	) and different-sized positioning balloons (2.5 to
2.9 mm, 3.0 to 3.5 mm, and 3.5 to 3.9 mm) to achieve dif-
ferent effective working diameters. 

Procedure

The size of the atherectomy device is determined relative to
the size of the normal vessel adjacent to the stenosis (the
reference segment). Predilation with a small (e.g., 2.0-mm)
conventional balloon may be used to facilitate passage of
the AtheroCath, but larger predilating balloons should not
be used to avoid causing dissections or expanding the
outer vessel diameter, making recovery of tissue more diffi-
cult during subsequent cuts. The Flexi-Cut catheter can be
delivered through an 8F guiding catheter. After flushing
the central lumen and filling the balloon lumen with
dilute contrast material, the device is passed into the
guiding catheter over an exchange-length guidewire that
has been positioned well across the target lesion. To cross

the target lesion, the device is advanced with gentle for-
ward pressure during continuous rotation of the atherec-
tomy catheter. If the device does not pass easily, attempts
to force it into the lesion or around curves in the vessel
should be avoided, since forceful advancement of the rigid
housing through a stiff, calcified, tortuous vessel could
traumatize the vessel wall (9).

Once the device is in position at the target lesion, the
device is rotated until the cutting window is seen to point
toward the greatest plaque burden in a fluoroscopic projec-
tion that maximizes visualization of the target lesion and
its eccentricity. The positioning balloon is inflated to 5 psi,
the motor is activated, and the cutter is withdrawn to the
proximal end of the window. The positioning balloon is
then inflated further to 10 to 20 psi before the cutter is
advanced slowly (�5 seconds) across the window. After
each cut, the balloon is deflated and the device is rotated
by 60 to 90	 to address another segment of remaining
plaque burden. Balloon pressure during cutting may be
escalated in 10-psi increments to a maximum of 40 to 50
psi to increase effective device size and plaque retrieval.
Cuts oriented toward nondiseased walls, particularly
toward the carina of bifurcations, should be avoided to
minimize the risk of vessel perforation. After four to six
cuts, or if incomplete cutter advancement indicates that the
nose cone collecting chamber is becoming full, the device
should be removed and emptied before additional cuts are
made. Intravascular ultrasound (Chapter 19) may be help-
ful in assessing the lumen diameter, as well as the amount
and location of residual plaque burden.

Although directional atherectomy was designed to enlarge
the vessel lumen purely by excising atherosclerotic plaque
(2), the acute result derives from a combination of plaque
removal and dilation. Early data showed that the amount of
plaque removed (averaging 18.5 mg) accounts for less than
half the observed gain in volume seen at the lesion site
(8,10), with the rest resulting from facilitated angioplasty.
Owing to adaptive Glagov remodeling of the vessel wall, a
substantial amount of plaque (40 to 50%, as a percent of the
outer vessel [external elastic lamina, or EEL] cross-sectional
area) remains even after a successful atherectomy that has
normalized the angiographic vessel lumen relative to that of
the adjacent reference segments (11). Since atherectomy
improves the radial compliance of the diseased and stiff
coronary segment, and since the mechanism of lumen
enlargement is due in part to dilation, it stands to reason
that postatherectomy balloon angioplasty and stenting
should impart additional volume expansion, and optimal
atherectomy practice thus makes routine use of postdilation
and stenting to further enlarge the treated lumen (12–15).

Results

Published experience with directional atherectomy includes
single-center reports (16,17), as well as results from multi-
center registries (8,12,18) and multicenter randomized trials

Figure 23.1 Directional coronary atherectomy. Left coronary
angiography (lateral view) reveals a long eccentric stenosis in the
mid–left anterior descending (LAD) artery (A). After atherectomy,
the lumen is smooth and there is no significant residual stenosis or
dissection (B). A 7F AtheroCath was used (C), and several pieces of
atheroma were retrieved (D).



(13,15,19–21). These trials show that atherectomy provides
acute success and complication rates comparable with bal-
loon angioplasty but with less residual stenosis. Procedural
safety is also comparable, although there is a higher inci-
dence of clinically silent elevations in creatine kinase
myocardial band (CK-MB) following directional atherec-
tomy. In the Balloon vs Optimal Atherectomy Trial (BOAT;
13), this was not associated with increased mortality at 1 or
3 years, with a trend toward more late deaths by 1 year in the
balloon angioplasty compared with the DCA arm (eight
deaths versus three deaths, P � 0.14).

There are significant differences among the stand-alone
directional atherectomy trials in terms of angiographic
restenosis. For the two early (1990–1991) randomized tri-
als, high (�25%) residual stenoses (29% for CAVEAT I and
26% for CCAT; 19,20) reflected cautious tissue removal
and the discouragement of adjunctive balloon postdilata-
tion. In contrast, subsequent experiences performed more
aggressive tissue removal and used routine balloon postdi-
lation to obtain much lower residual stenoses (�15%).
The benefit of this approach compared with stand-alone
balloon angioplasty was confirmed in the OARS (15),
BOAT (8), and ABACAS (21) studies, with angiographic
restenosis rates of 21 to 31%, compared with the 46 to 50%
restenosis rates in CAVEAT and CCAT. With the advent of
coronary stenting in 1994, however, it became possible to
achieve these excellent acute and long-term results with
less procedural difficulty. 

Some studies have suggested a benefit of DCA prior to
adjunctive stenting in certain lesion types. In the SOLD
(Stenting after Optimal Lesion Debulking) study (12), 71
patients underwent directional atherectomy of coro-
nary lesions before stenting, achieving an angiographic
restenosis rate of 11%. Interestingly, this was owing both
to a slightly larger acute result as well as to a reduced late
loss index (33% versus the more typical 50%) compared
with stenting alone. A similar experience has been reported
by Kiesz and coworkers (the ADAPTS study; 22), in which
89 lesions in 60 patients were treated with a combina-
tion of DCA debulking followed by stenting. These ini-
tial registry reports suggested that restenosis with this
approach might be low, leading to the randomized
AMIGO trial (23). While the AMIGO trial overall showed
no net benefit in late lumen diameter for directional
atherectomy before bare-metal stent placement, the sub-
set of �100 patients treated by Colombo and the parallel
500-patient DESIRE trial (24) performed in Japan (both
using more aggressive tissue removal) did show a signifi-
cantly (approximately 20%) larger acute post-treatment and
late follow lumen diameter for the debulk and stent
approach. With the advent of drug-eluting stents (see
Chapter 24), however, this small benefit is probably not
sufficient to drive widespread lesion debulking before
stent placement. There are to date no in-depth studies
combining directional atherectomy with drug-eluting
stents.

Tissue Analysis and Consequences 
of Deep Wall Resection

Atherectomy provides a unique opportunity for studying the
pathophysiology of atherosclerosis and coronary restenosis
in human coronary arteries (25). Standard light microscopy
demonstrates that atherosclerotic plaque (97%), media
(66%), adventitia (30%), and thrombus (43%) are com-
monly recovered. Histologic analysis of DCA specimens
shows intimal hyperplasia in 93% of restenotic lesions, with
proliferating-phenotype smooth-muscle cells interspersed
with ground substance. Surprisingly, however, 44% of pri-
mary (de novo) lesions have intimal hyperplasia that is his-
tologically indistinguishable from intimal hyperplasia seen
in lesions with prior restenosis (26). Remarkably, retrieval of
deep wall components seems to be well tolerated acutely.
Although 6-month angiographic follow-up (27,28) showed
no relationship between deep wall resection and restenosis,
the risk of late aneurysm formation after stand-alone
directional atherectomy may be increased (29,30). Some
have speculated that this risk may be even higher with
drug-eluting stents through impairment of vessel healing,
although there is no evidence of this to date.

Use in Specific Lesion Types

Bifurcation Lesions
Plaque obstruction in large epicardial coronary arteries
that involves the origin of a large branch—such as the left
anterior descending/diagonal branch bifurcation or the
distal portion of the left main coronary trunk—presents a
special problem for the interventionalist. The treatment of
true bifurcation lesions using conventional balloon angio-
plasty and stenting techniques is limited by the tendency
for plaque to shift between the parent vessel and the
ostium of the branch vessel (see Chapter 22). Directional
atherectomy may enhance acute results in treatment of
bifurcation lesions by excising the tissue that might other-
wise be shifted into the branch ostium (31–33). The pre-
ferred technique involves sequential atherectomy of the
main vessel and its branch, if the branch vessel is large
enough (�2.5 mm) to accommodate the device (Fig.
23.2). The acute and long-term results of DCA for the treat-
ment of true bifurcation lesions have not been compared
with stenting, but were compared with balloon angio-
plasty by Dauerman (34). The atherectomy group had
lower acute residual diameter stenosis and lower target ves-
sel revascularization rate (28% for atherectomy versus 53%
for balloon angioplasty, P � 0.01). We first position the
0.014-inch guidewire into the distal parent vessel and per-
form initial cuts directed toward the ostium of the branch
vessel in an effort to minimize “snowplow” branch com-
promise. Next, the guidewire is withdrawn and redirected
into the branch vessel, where additional cuts are per-
formed. Finally, kissing balloon inflation in the parent and
branch vessel is performed, followed by stent placement.
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In-Stent Restenosis
In the setting of in-stent restenosis with large neointimal tis-
sue volume, DCA offers the most potent debulking capacity
among the atherectomy and atheroablative devices and has
been shown to be safe and effective in achieving �20%
residual in-stent diameter stenosis with low subsequent
clinical restenosis rates (20 to 30%; Fig. 23.3). In some
atherectomy procedures for in-stent restenosis, the tissue
sample may include a small section of stent struts although
without apparent clinical consequence. Furthermore, analy-
sis of DCA-recovered tissue from restenosis within drug-
eluting stents may shed light on mechanisms of failure for
these devices.

New Approaches to Directional Atherectomy

One new approach to coronary debulking is the Simpson
Fox Hollow device. Compared with the AtheroCath, this
device uses controlled deformation of the catheter tip
(rather than inflation of a positioning balloon) to force
atheroma into the cutting window. The entire device is
moved forward with the cutter exposed to perform tissue
resection (rather than just the cutter being moved forward

within a fixed-length window), although in both cases the
resulting resected plaque is captured in a hollow nose cone.
Initial reports indicate large amounts of tissue retrieved,
and the ongoing COMBAT trial is examining the potential
benefit of this device as a prelude to stenting in bifurcation
settings, and in the periphery, where stenting is not always
desirable.

High-Speed Mechanical Rotational
Atherectomy (Rotablator)

Device Description

The high-speed mechanical rotational atherectomy device
(Rotablator (Boston Scientific, Boston, MA; 4,5) consists of
an olive-shaped stainless steel or brass burr whose surface
is embedded with diamond chips each measuring 30 to
120 microns in diameter (Fig. 23.4). The burr is attached
to a hollow flexible drive shaft that permits it to be
advanced over a steerable 0.009-inch guidewire with a
0.014-inch platinum coil tip. The drive shaft is encased
within a Teflon sheath through which flush solution
(heparinized Ringer lactate, nitroglycerin, and Rotaglide
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Figure 23.2 Bifurcation atherectomy. Top left. “Mercedes Benz” lesion involving the bifurcation
of the left anterior descending (LAD) and diagonal branch (arrow). Top right. Directional atherec-
tomy of LAD, leaving tight stenosis of the diagonal origin (right center, arrow). Bottom right.
Atherectomy of the diagonal origin leaves excellent result (bottom left). (From Dauerman H, Baim D,
Cutlip DE, et al. Mechanical debulking versus balloon angioplasty for the treatment of diffuse in-stent
restenosis. Am J Cardiol 1998;82:277.)



[a special low-friction emulsion]) is pumped to lubricate
and cool the drive shaft and burr. Our preferred mixture is
4 mg of verapamil, 4 mg of nitroglycerin, 5,000 U of
heparin, and 20 mL of Rotaglide mixed in a 1-liter bag of
normal saline (NS).

The drive shaft is rotated at 140,000 to 200,000 rpm by
a compressed air turbine during advancement across the
lesion (Fig. 23.5). Burrs for coronary use are available in
1.25-, 1.5-, 1.75-, 2.0-, 2.15-, 2.25-, and 2.5-mm diameters.
The selection of burr sizes is largely empirical, but should
not exceed a final burr-to-artery ratio of 0.7 (i.e., 2.15-mm
burr in a 3.0-mm vessel). In treating long segments of dis-
ease, heavily calcified lesions, and subtotal de novo lesions,
it is generally advisable to start with a smaller (1.5- or 1.75-
mm) burr, and step up to the final burr size in 0.5-mm
increments. The Roto-Link system allows interchange of
burrs without the need to replace the entire drive unit,
offering some benefit in procedure speed and cost.

Procedure

Conventional angioplasty guiding catheters as small as 6F
may be used for Rotablator atherectomy as long as their
lumen is at least 0.020 inch larger than the largest burr to
be used (see Table 23.1). Two guidewires are available, a
floppy guidewire and an extra-support guidewire. The
floppy wire has the advantage of minimizing guidewire
bias—a phenomenon seen when a stiff guidewire straight-
ens a curved vessel segment and causes deeper cuts or dis-
section as the burr is forced against the tautly stretched
lesser curvature of the vessel. On the other hand, the
floppy guidewire may fail to control adequately the travel
of the burr around tight bends, leading to uncontrolled
cutting on the greater curvature of the vessel. If difficulty is
anticipated crossing the target lesion with the Rotablator
guidewire using a bare-wire technique, the lesion may
be crossed with a conventional 0.014-inch angioplasty
wire and exchanged for the Rotablator guidewire using
a suitable transport or low-profile balloon catheter. The
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Figure 23.3 Directional atherectomy of in-stent restenosis. Top.
Restenosis within stent in the mid–left anterior descending (arrows
denote stent struts). Upper center. Directional atherectomy catheter
positioned within stent. Lower center. Enlarged lumen following
atherectomy (arrow). Bottom. Final result after balloon dilatation.

Figure 23.4 Close-up view of the Rotablator burr embedded with diamond chips and special
0.009-inch guidewire. (Reproduced with permission from Heart Technology, Inc., and Physician’s Press.)



Rotablator guidewire has a dedicated torque clip that must
be attached to the wire whenever the Rotablator is acti-
vated to prevent the wire from spinning and causing possi-
ble vessel trauma.

Once the guidewire is across the lesion, the burr should
be advanced to within a few centimeters of the rotating
hemostatic valve, with the lines for compressed air supply
and tachometer readout attached to the drive console and
the advancer lever locked in its midway position. While the
operator holds the catheter carefully so that the burr tip is
not in contact with the sterile drapes, the system should be
tested by depressing the foot pedal and having an assistant
adjust the turbine pressure to maintain burr speeds of
140,000 to 160,000 rpm. During the test, the operator
should also confirm adequate flow of the pressurized

heparinized flush through the Teflon sheath, free motion
of the advancer lever, and a firm grip of the wire brake dur-
ing burr rotation. Once this test has been completed, the
static burr can be advanced into and through the guiding
catheter. Any resistance encountered as the burr is passed
around the primary curve of the guiding catheter can be
overcome by firm traction on the guidewire or gentle trac-
tion on the guiding catheter itself to lessen the curve slightly.
Note, however, that the guiding catheter must remain well
seated in the vessel ostium to prevent kinking or looping
of the guidewire in the aortic root while the burr is
advanced—such unrecognized loops in the radiolucent
wire can lead to its transaction when the burr is activated at
the ostium! 

Once the burr has been advanced to 1 to 2 cm proximal
to the target lesion, the advancer lever should be unlocked
and pulled gently back to near to its proximal limit as the
entire catheter is withdrawn gently by 1 or 2 mm. This
relieves any compression in the drive shaft that might oth-
erwise cause the burr to lurch forward into the lesion on
activation. Under fluoroscopy, the burr is then activated by
the foot pedal and adjusted to the desired “platform” speed
(160,000 rpm for smaller burrs, 140,000 rpm for burrs
�2.0 mm) before engaging the lesion. Advancement of the
lever then brings the spinning burr slowly into contact
with the lesion. It is important to be aware of the sound of
the turbine, the rotational speed display, and tactile feed-
back during “rotablation.” When the burr face encounters
excessive resistance to rotation, the speed will fall, but it is
essential to avoid speed drops of �5,000 rpm during
advancement. Greater speed drops caused by excessive
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INNER DIAMETER OF GUIDING CATHETERS
TO ACCOMMODATE ROTABLATOR BURRS

TABLE 23.1

Rotablator Burr Size (mm) Guiding Catheter ID

1.25 0.059
1.50 0.069
1.75 0.078
2.0 0.088
2.15 0.092
2.25 0.097
2.5 0.107

ID, inner diameter (inch).

Figure 23.5 Schematic overview of the original Rotablator assembly. (Reproduced with permis-
sion from Heart Technology, Inc., and Physician’s Press.) In the current Rota-link design, the drive unit
is separate and can be used with a series of burr cables.



pressure on the burr against the lesion may result in the lib-
eration of larger particles, frictional heating of the plaque, or
torsional dissection. We prefer advancing with a “pecking”
motion in which brief (1- to 3-second) periods of plaque
contact are alternated with longer (3- to 5-second) periods
of reperfusion provided by pulling the burr back from the
plaque face. This reduces speed drops and aids in the clear-
ance of particulate debris through the distal circulation. 

After 30 seconds of operation, the device should be
withdrawn into the proximal vessel and rotation suspended
for a similar time before reactivating and advancing the
burr again. During each pause, a small test injection should
be performed to ensure antegrade flow and absence of vas-
cular trauma or perforation. This sequence should be
repeated until the device can be advanced through the full
length of the lesion without any fluoroscopic or tactile
resistance to burr advancement and with no audible change
in the pitch of the turbine or reduction in burr speed. The
foot pedal is then used to activate the lower speed
“dynaglide” mode, and the burr is removed while depress-
ing the brake-release button. It is important to note that in
dynaglide mode, the burr is not subject to pressure control
(spinning at 90,000 rpm in all circumstances) and should
never be advanced in this mode.

Unless contraindicated, a platelet glycoprotein (GP)
Ib/IIIa receptor antagonist should be used in conjunction
with rotational atherectomy, to limit the speed-dependent
platelet activation and aggregation (35,36). Intravenous
vasodilators, e.g. nitroglycerin, should be avoided prior to
and during rotational atherectomy to minimize the risk of
hypotension. For patients with target lesions in the distri-
bution of the right coronary artery, prophylactic temporary
pacemaker insertion, or at least femoral venous access, is
recommended.

Mechanisms of Rotablator

Although directional atherectomy relies on tissue cutting
and retrieval, high-speed mechanical rotational atherec-
tomy relies on plaque abrasion and pulverization. The
Rotablator selectively abrades inelastic tissue (i.e., plaque)
by the principle of differential cutting while more tissue (i.e.,
normal vessel wall) tends to be deflected away from the burr
(37). The abraded plaque is pulverized into particles 20 to
50 
m in diameter that can pass through the coronary
microcirculation (4,38,39). Although these particles have
long been felt not to interfere with the coronary microcircu-
lation (40), the reported benefit of glycoprotein IIb/IIIa
receptor blockers against transient hypoperfusion suggests a
role for platelet-mediated microvascular flow reduction
during rotational atherectomy (35). Reisman (36) has con-
firmed ex vivo platelet activation with greater activation and
greater vessel heating at higher burr speeds. These findings
have encouraged the use of lower (�160,000 rpm) speed
during rotational atherectomy, although this necessitates
longer cumulative burr time. 

There is a significant incidence of non–Q-wave myocar-
dial infarction and no reflow after rotational atherectomy
(41), particularly in longer lesions. These problems may be
secondary to particle embolization, spasm, or microcavita-
tion caused when the burr surface velocity exceeds the
speed of sound in water (42). Microcavitations or hemoly-
sis of red blood cells with resultant local adenosine release
may also contribute to transient bradycardia and atrioven-
tricular (AV) block. Reassuringly, two studies have demon-
strated no immediate or long-term impact of rotational
atherectomy on left ventricular ejection fraction (43,44).

Results

Following Rotablator, the average residual diameter stenoses
is 37 to 54% (41,44–49). However, Reisman and others
demonstrated that the lesion site diameter was signifi-
cantly larger 24 hours after rotational atherectomy than it
was immediately postprocedure (50,51), implying that the
high acute residual diameter stenosis may reflect an increase
in vessel tone. Intravascular ultrasound may be useful for
identifying which lesions are best suited for Rotablator and
for guiding the use of larger burrs, balloon angioplasty,
directional atherectomy, or stenting (51). In general, super-
ficial calcium deposits that will come in contact with the
burr surface are most amenable to Rotablator, whereas
deep calcium deposits are not. However, most calcified
lesions are not crossable by an intravascular ultrasound
(IVUS) catheter before treatment. 

Use of adjunctive low-pressure balloon angioplasty or
stenting is standard after Rotablator (47). Rotablator pre-
treatment improves vessel compliance and therefore stent
expansion so-called “plaque” modification (52), and quanti-
tative angiographic studies using matching lesion subsets
suggest that pretreating many types of lesions with
Rotablator can facilitate the results of adjunctive angioplasty
(53; Figs. 23.6–23.8). However, early studies also indicated
significant angiographic complications in nearly 40% of
lesions after Rotablator—including angiographic dissection
in 29%, side-branch occlusion in 1.8%, distal embolization
in 0.9%, no reflow in 6.1%, abrupt closure in 11.2%, severe
spasm in 13.8%, and perforation in 1 to 2% of lesions.
With modifications to technique as described above, cur-
rent Rotablator complication rates are now comparable
with other interventional modalities. As with directional
atherectomy, however, there is a higher incidence of
non–Q-wave myocardial infarction after Rotablator (19%
in one study of long lesions; 41), although this tends to be
reduced by adjunctive use of platelet GP IIb/IIIa receptor
antagonists.

In the prestent era, the ERBAC (Excimer, Rotablator,
Balloon Angioplasty for Complex Lesions) study random-
ized patients to rotational atherectomy, excimer laser
angioplasty, or balloon angioplasty (see below in laser
section), showing that the final-diameter stenosis after
Rotablator and adjunctive angioplasty was significantly
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lower than after excimer laser or balloon angioplasty
alone, yet 6-month angiographic restenosis was similar
(45 to 50%; 54). Other observational studies suggest a
clinical restenosis rate of 38% and an angiographic
restenosis rate between 31 and 59%. The 500-patient ran-
domized STRATAS trial compared aggressive rotational
atherectomy, defined as burr-to-artery ratio �0.75, to
standard burr sizing (�0.7) to evaluate the impact of

greater debulking (55). There was no difference in acute
outcome, except for a trend towards more non–Q-wave
myocardial infarction and a higher 6-month restenosis
(58%, for the aggressive arm versus 52% for the conven-
tional arm; P � NS). These findings thus favor single-burr
plaque modification over a multi-burr debulking strategy.
Finally, in small calcified coronaries, the randomized
DART trial found no difference in angiographic or clinical
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Figure 23.6 Top left. Rotablator for in-stent restenosis. Severe restenosis is present in the proxi-
mal left anterior descending (note stent struts, small arrows). Top center and top right. Rotational
atherectomy with 1.75- and 2.15-mm burrs. Bottom right. Appearance post-Rotablator. Bottom
left. Appearance after final balloon dilatation.

Figure 23.7 Ostial RCA rota-
stent. Top left. Severe ostial right
coronary stenosis (long arrow) with
heavy calcification (short arrow). Top
center. A 1.75-mm Rotablator burr
positioned just outside the lesion.
Top right. Modest lumen enlarge-
ment after rotational atherectomy.
Bottom left. The resulting lumen,
however, allowed advancement of a
stent. Bottom center. Stent deploy-
ment. Bottom right. Final result post-
dilatation.



restenosis with or without use of Rotablator before bal-
loon dilation (56).

In the stent era, Hoffman and coworkers (57) demon-
strated that treatment of calcified lesions with rotational
atherectomy before stenting resulted in larger post-treatment
lumen diameters and higher 9-month event-free survival
compared with historical controls undergoing stenting
alone. The prospective SPORT trial (58) randomized 735
patients to Rotablator plus stenting or to stenting alone.
Acute procedural success was improved for patients undergo-
ing Rotablator and stenting (93.6% versus 88%, P � 0.01),
but there was no difference found in subsequent restenosis
(target lesion repeat [TLR] rates: 30.4 versus 27.6%, P � NS).
This “rota-stent” approach, however, remains our standard
technique for calcified ostial and left main lesions (59,60).
Data on Rotablator prior to drug-eluting stent implanta-
tion are lacking, although this may help in stent delivery
and more uniform stent expansion resulting in more
homogenous drug delivery. 

Contraindications to Rotablator include the presence of
visible thrombus or extremely eccentric lesions in a severe
bend in which the normal vessel wall lies on the outer curve
of the bend. Although Rotablator is technically feasible in
long lesions, it may be associated with a significant inci-
dence of no-reflow or non–Q-wave myocardial infarction,
and there are no data to suggest superiority to conventional
angioplasty using long balloons. Rotablator also has a clear
operator learning curve to permit safe use and is further
limited by the maximum 2.5-mm burr diameter, the fre-
quent need for adjunctive balloon angioplasty or stenting,
the high cost of procedures, and the lack of a confirmed
impact on restenosis. Although the complications of distal
embolization—no reflow, severe coronary vasospasm, brady-

cardia, and perforation—are uncommon with refinement
in Rotablator technique as described above, they can clearly
occur, making Rotablator use uncommon among low-
volume interventional operators. 

Use in Specific Lesion Types

Rotational atherectomy is particularly indicated for specific
lesion subsets where stent delivery is difficult or known to be
associated with suboptimal acute angiographic results.
Among those are calcified, ostial nondilatable lesions or
chronic total occlusions (Figs. 23.6–23.8). Although detailed
randomized trial data are limited, we recommend the use of
Rotablator for those lesions that are least likely to be treated
optimally by conventional angioplasty and stenting, such as
long, ostial and heavily calcified lesions including left main
arteries, calcified bifurcation lesions (61), and the rare (1 to
2%) lesions that cannot be dilated successfully at inflation
pressures of 10 to 12 atm. Also, lesions that cannot be
crossed with a balloon or stent catheter owing to lesion rigid-
ity or excessive calcification of the proximal vessel may be
amenable to Rotablator (62) or excimer laser (see below). 

Bifurcation Lesions
As with directional atherectomy, debulking of bifurcation
lesions prior to stenting may lessen the risk of plaque shift
and side-branch narrowing or occlusion. When the side
branch or main branch is �2.5 mm in diameter and the
angulation of the side branch origin is fairly obtuse
(�120	), rotablation should be carried out in the main
branch first. If the result is smooth and without dissection,
the wire can then be repositioned into the side branch and
rotablation performed. If a larger burr is then required, this
same alternating process can be repeated.

Jailed Side Branches
A subset of bifurcation lesions is those where a stent has
been previously placed across the origin of a side branch,
which has subsequently become narrowed. Rotational
atherectomy has been used in this setting to pass through a
cell in the stent into the jailed side branch. This approach
has been accomplished safely without burr entrapment,
provided the stent cell overlying the side-branch ostium
has been previously balloon dilated and a small initial
burr size (1.25 or 1.5 mm) is chosen.

Calcified Lesions
Rotational atherectomy has become the standard approach
for heavily calcified lesions or for lesions whose approach
requires traversing heavily calcified, although not necessar-
ily stenotic, segments. In these settings, small burr sizes
(e.g., 1.5 mm) often provide adequate vessel preparation
without the need for use of serial burrs.

Undilatable Lesions
Occasionally, severely stenotic lesions will not respond to
initial balloon dilations at 10 to 12 atm. In this circumstance,
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Figure 23.8 Resistant calcified lesion becomes responsive after
Rotablator. Top left. Severe stenosis in the proximal left anterior
descending (arrow). Top right. Persistent waist despite inflation
of angioplasty balloon to 10 atm. Center left. Advancement of a
1.5-mm Rotablator burr (note the heavy calcium shadows). Center
right. Modest lumen enlargement following Rotablator. Bottom
left. Following Rotablator, however, the same balloon now
expands completely at 6 atm. Bottom right. Final result after stent
placement.



rotational atherectomy, again often with a single small burr,
will modify the vessel wall and allow dilation and stenting.
Caution must be used to ensure that no dissection is present
after the initial (unsuccessful) attempt at balloon dilation,
and Rotablator should be avoided after attempted angio-
plasty if there is any evidence of local dissection.

Ostial Lesions
Aorto-ostial lesions of the RCA or left main, or lesions of
the origin of the left anterior descending (LAD) or left cir-
cumflex (LCX) pose challenges for acute success as well as
late restenosis that may be improved with rotational
atherectomy. As sites of heavy elastin content and substan-
tial plaque, bulk ostial lesions are frequently difficult to
dilate. Furthermore, precise stent positioning is essential to
ensure adequate coverage of the ostium. Rotational
atherectomy can help by modifying plaque to allow initial
dilation and debulking to allow smoother stent position-
ing and better contrast opacification around the stent as it
is positioned.

In-Stent Restenosis
Rotational atherectomy was widely used in the treatment
of bare-metal stent restenosis. Conflicting data existed
regarding the merits of this approach, particularly in con-
junction with vascular brachytherapy (34,63–66). In the
prebrachytherapy era, the ROSTER trial, which used IVUS
to exclude from randomization patients who had poorly
dilated stents, showed a benefit to debulking with rota-
tional atherectomy. The randomized ARTIST trial, however,
which used only a single small burr and only low-pressure
postdilation, failed to show benefit compared with high-
pressure balloon dilation of in-stent restenosis (66). In the
setting of vascular brachytherapy, no clear advantage to
adjunctive rotational atherectomy has been demonstrated,
and use of this approach has declined precipitously.

ABLATIVE LASER TECHNIQUES

It was hoped that laser angioplasty would permit precise
plaque removal with fewer acute complications and lower
incidence of clinical restenosis (67). Despite the evolution
of catheter system designs over the years, restenosis rates
following laser angioplasty have not been lower than with
balloon angioplasty alone (6,54). Given the lack of clinical
benefit over other mechanical therapies, and the signifi-
cant capital cost ($100,000 to $250,000) for acquiring a
laser system, hopes for laser coronary angioplasty have
shifted from a mainstream stand-alone therapy to an infre-
quently used adjunctive treatment to debulk plaque before
stenting in lesions with large atherosclerotic plaque bur-
dens, or to debulk in-stent restenosis. Because laser systems
are still in use in some laboratories, and newer applica-
tions may still be found, the body of theoretical and clini-
cal data will be reviewed.

Laser Generation

Light amplification by stimulated emission of radiation
(laser) is the process of creating an in-phase (coherent)
beam of monochromatic light with high energy. The las-
ing medium is “pumped” by an external energy source to
force most of the atoms or molecules from their lower-
energy ground state to a higher-energy excited state. After a
brief time—measured in nanoseconds—the atoms begin
to relax to their ground state by giving off a photon
whose wavelength is determined by the energy difference
between the excited and ground states, by the equation
E � hv, where h � Planck’s constant and v � c/l (c, speed
of light; l, wavelength). One spontaneously released pho-
ton of precisely matched energy (hv) can induce other
excited atoms in the lasing medium to relax to the ground
state and emit photons that are identical in direction,
wavelength, and phase to the stimulating photon (stimu-
lated emission). As this wave passes through the laser cav-
ity, light coalesces into a single wavefront whose intensity
increases exponentially as it travels along the optical axis
of the laser cavity and is reflected back and forth between
the mirrors positioned at either end of the chamber. This
standing wave of intense, monochromatic, coherent light
then permeates the optical coupler, from which it travels
down the optical fibers within the multifiber laser catheter
whose other end is positioned within the coronary artery
lumen to illuminate the obstructing plaque with a burst of
laser light. 

Laser–Tissue Interactions 

The interaction between laser light and biologic tissue
depends on the wavelength, the mode of laser operation
(continuous wave or pulsed), the energy density of the laser
light (fluence), as well as any interposed fluid medium
(saline or blood) and the tissue’s intrinsic absorption char-
acteristics. For coronary laser angioplasty, lasers can be
divided into ultraviolet lasers (e.g., XeCl excimer lasers,
300-nm wavelength) in which ablative energy is absorbed
directly by atherosclerotic plaque absorption and near-
infrared/infrared lasers (e.g., holmium or neodynium YAG
[yttrium-aluminum-garnet], 2,000-nm wavelength) in which
thermal energy produced by water absorption leads to sec-
ondary photocoagulation. It is also important to distin-
guish continuous-wave laser systems, in which laser light is
emitted in an uninterrupted manner, from newer pulsed
systems that deliver peak laser over a very short pulse fol-
lowed by a long interpulse interval to reduce heating of
surrounding tissue. Despite these theoretical advantages, all
pulsed laser systems still produce some thermal effects that
are detectable with histologic examination after holmium
and excimer laser radiation (68,69). 

Although water is almost completely transparent to
ultraviolet light at wavelengths greater than 193 nm, it
absorbs infrared light strongly owing to excitement of the
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translational, vibrational, and rotational frequencies of
the H:O bond. On the other hand, blood, x-ray contrast
agents, and tissue DNA absorb ultraviolet (UV) light
avidly. When laser light encounters biologic tissue, tissue
vaporization occurs if the light contains wavelengths that
are absorbed by the tissue, and if the absorbed energy
exceeds the threshold for triggering a phase transforma-
tion. Tissue ablation then takes place through one of
three mechanisms: vaporization of tissue (photothermal
effects), ejection of debris (photoacoustic effect), or direct
breakdown of molecules (photochemical dissociation;
70). Because early experimental studies involving free-laser

beams in air (67) showed tidy ablation of biologic tissue
with clean margins and no histologic evidence of thermal
injury (Fig. 23.9), it was thought that photodissociation
was the predominant mechanism of excimer laser ablation
of atherosclerotic plaque in vivo. Studies under saline or
blood, however, disclosed less efficient plaque ablation
and significant dissection of adjacent tissue owing to for-
mation and implosion of vapor bubbles at the impact site.
The use of intracoronary saline infusion to displace blood
and radiographic contrast in the excimer laser field may
thus reduce the risk of vessel dissection during excimer
laser angioplasty (Figs. 23.9, 23.10).

Catheter Delivery Systems

All current clinical laser systems share common elements: a
laser generator, an energy coupler, and a catheter delivery
system. Laser catheters have evolved from the initial single
bare optical fibers to today’s trackable, flexible, over-the-
wire or monorail catheter systems that contain several
hundred optical fibers. Each optical fiber is composed of a
transmitting material (such as purified silica for excimer
laser angioplasty) surrounded by a cladding. Since the
cladding and silica fibers have different refractive indices,
this creates an interface that promotes internal reflection
and transmission of light down the length of fiber with
negligible energy loss. The brittle fiber and cladding mate-
rials are surrounded by a flexible protective coating to
allow bending without fissuring. Efficient coupling of
energy between the laser generator and the optical fibers
requires critical tolerances for alignment and precise pol-
ishing of the fiber ends.
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Figure 23.9 Ablation of postmortem human aortic tissue with
pulsed excimer laser radiation at 193 nm under air.

Figure 23.10 Ablation of porcine aortic tissue after pulsed excimer laser angioplasty at 308 nm
with multifiber laser catheters under saline (A) or blood (B). (Photomicrographs courtesy of L. Wells,
Spectranetics, Colorado Springs, CO.) 



Procedure

Conventional guiding catheters can be used for excimer
laser angioplasty. Because laser catheters are stiffer than
balloon catheters and have difficulty negotiating acute
angles into the target vessel, coaxial alignment is impera-
tive. Otherwise, firm guide support theoretically is not
needed to advance the activated laser catheter through the
target lesion, and excessive pushing of the catheter across
the lesion may increase the risk of vessel dissection. To
maximize the likelihood of a safe outcome and reduce the
risk of vessel perforation with excimer laser angioplasty, it
is important to select a laser catheter with a diameter at
least 1.0 mm smaller than the reference diameter of the tar-
get vessel, e.g., a 2-mm catheter for a 3-mm vessel. For dif-
fuse disease or total and subtotal occlusions, a smaller laser
catheter (1.3 or 1.4 mm) should be used for initial cross-
ing. In practice, we commonly use only the smallest (0.9-
mm) laser catheter to cross lesions that cannot be crossed
with a balloon catheter. In this context, it has the benefit of
being advanced over a standard 0.014-inch guidewire,
rather than requiring recrossing with the special Rotablator
wire (see above).

After the target lesion is crossed with the guidewire, the
laser catheter is advanced to lie at the proximal end of the
lesion. Before activating the laser and beginning ablation
of the lesion, every effort must be made to first remove all
contrast medium from the target vessel by flushing the
guide catheter with at least 30 mL of saline. This is impor-
tant, because the interaction between excimer laser radia-
tion and any retained contrast medium may increase the
generation of shock waves with disruption of adjacent tis-
sue planes (71). 

During pulsed excimer laser angioplasty, laser energy is
delivered at a fluence of 40 to 70 mJ/mm2 at a frequency of
20 to 25 Hz for a duration of 1 to 5 seconds as the tip of
the catheter is advanced through the lesion. For soft lesions
such as saphenous vein graft lesions and restenosis lesions,
laser ablation may commence at a fluence of 40 mJ/mm2,
but for calcified lesions and de novo lesions in the native
coronary arteries, the initial fluence should be 50 mJ/mm2.
As the laser is activated, the catheter is advanced slowly
under fluoroscopic guidance through the lesion at an aver-
age rate of 0.5 to 1.0 mm/second. After each 1- to 5-second
train of laser pulses, the laser catheter should “rest” for 10
seconds to avoid potential attenuation of energy transmis-
sion through the optical fibers. If the laser catheter meets
resistance and cannot pass through the lesion at the initial
fluence, the energy output should be increased by incre-
ments of 10 mJ/mm2 to a maximum of 60 or 70 mJ/mm2.
If the laser catheter still cannot be advanced at higher flu-
ence levels, the repetition rate also can be increased by
increments of 5 Hz to a maximum of 40 Hz. With the 0.9-
mm laser catheter, fluence up to 80 mJ/mm2 at a repetition
rate of up to 80 Hz can be used. If the laser catheter still
fails to make progress through a stenotic segment after 15

seconds of laser time, the temptation for forceful advance-
ment of the catheter should be avoided, since this will only
increase the risk of vessel perforation. Once the laser catheter
has been advanced completely through the stenotic segment,
adjunctive balloon dilation and stenting can be performed. 

Results

Clinical success with the excimer laser, defined as less than
50% residual stenosis (after all treatments) and absence of
major in-hospital complications, has been reported in 84 to
94% of patients with saphenous vein graft lesions, aorto-
ostial stenoses, total occlusions, long lesions, and undilat-
able lesions (54,72–74). Early clinical experience with
holmium laser coronary angioplasty in 331 patients demon-
strated a procedural success rate of 94% and a perforation
rate of 1.9% (73–75). Because of the similarities for both
excimer laser and holmium laser interaction with tissue, the
clinical results for the two systems are quite similar. 

Despite increased clinical success with catheter improve-
ments, the rates of vessel dissection and perforation have
remained constant, with an incidence of propagating dis-
section as high as 22% (Fig. 23.11; 72,74). Although coro-
nary artery dissection is not unique to laser angioplasty,
extension of the dissection beyond the treated site is proba-
bly more common following laser angioplasty than after
use of balloon angioplasty or other devices. Vessel perfora-
tion occurs during laser angioplasty in 1 to 2% of patients
treated (76) and commonly leads to a major complication
(death, MI, cardiac tamponade, or bypass surgery). Risk fac-
tors for perforation include the use of oversized laser
catheters, bifurcation lesions, and diabetes mellitus (77).
The use of a saline flush during lasing has been shown to
reduce the incidence of dissection and perforation both
experimentally (78) and clinically.

Although laser angioplasty was developed initially to
reduce restenosis by ablating atheromatous plaque with-
out injuring the normal components of the arterial wall,
restenosis was reported in approximately 50% of patients
treated with laser and balloon dilation Extensive data of
outcomes after laser and stenting with bare-metal or drug-
eluting stents are lacking (79).

Use in Specific Lesion Types

Undilatable Lesions

In a similar fashion to rotational atherectomy, excimer laser
angioplasty is associated with successful treatment in 89%
of 36 patients with lesions that could be crossed with a
guidewire but could not be dilated with balloon angio-
plasty (80). Laser angioplasty should not be attempted,
however, in cases where prior dilation attempts resulted in
local vessel dissection. Under such circumstances, use of
excimer laser angioplasty is invariably associated with wors-
ened dissection or perforation. 
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Total Occlusions

Total occlusions crossable with a guidewire are associated
with procedural success rates of 84 to 90% with excimer
laser angioplasty (81,82). Many dissections that occur with
excimer laser angioplasty, especially in the treatment of
total occlusions, arise because the guidewire has traveled
along an extraluminal course. It is thus important to
ensure that the guidewire is in the true lumen of the vessel
by using IVUS or frequent contrast injections to confirm
that the distal wire tip remains mobile before advancing
the laser catheter. In the prestent era, long-term success
after excimer laser treatment of total occlusions was lim-
ited by the development of restenosis in approximately
50% of patients. In the randomized AMRO trial (73), there
was no restenosis benefit seen for excimer laser compared
with balloon angioplasty in a subset of 103 patients who
presented with total occlusions. With bare-metal or drug-
eluting stents, there are no complete data.

For total occlusions not crossable with a conventional
guidewire, a new approach with an excimer laser-based
guidewire recently underwent clinical investigation. The
Prima laser guidewire system (Spectranetics Corp., Colorado
Springs, CO) consists of an 0.018-inch fiberoptic bundle
coupled to a pulsed excimer laser operating at a tip fluence
of 60 mJ/mm2 at 25 to 40 Hz. The system uses a centering
balloon to position the initial ablation trajectory through
the obstruction. It was evaluated more formally in two
prospective trials in which the laser guidewire was used only
after conventional guidewire techniques were performed
and documented to fail. The U.S. TOTAL trial evaluated the
learning phase of the lasing strategy in a 179-patient registry

(83). Using the Prima catheter alone or in combination
with a conventional guidewire, 61% of the refractory total
occlusions were successfully crossed. Major complications
were low, with a 1.1% death rate and 1.7% rate of perfora-
tion leading to tamponade. A similar European feasibility
trial demonstrated a 59% successful recanalization rate in
39 patients who could not be treated with conventional
guidewire techniques (84). The European TOTAL Surveillance
Study was a multicenter trial done to evaluate the safety
and performance of the excimer laser system in 345
patients with a median occlusion age of 29 weeks (85). The
recanalization rate was 59%, with no deaths, emergency
surgery, or Q-wave myocardial infarctions. Although coro-
nary perforations (laser “exits”) were seen in 21% of cases,
only 1% had tamponade. The independent covariates associ-
ated with success were occlusion age �40 weeks and lesion
length �30 mm. 

Calcified Lesions

Calcified lesions initially were thought to be an indication
for excimer laser angioplasty (86), but results of several
studies tempered the enthusiasm for this indication. In the
Excimer Laser Rotational Atherectomy Balloon Angioplasty
Comparison involving 620 patients (ERBAC trial; 54),
excimer laser angioplasty was compared with conventional
balloon angioplasty and percutaneous transluminal rota-
tional atherectomy for types B and C lesions and a high
proportion of calcified lesions. The procedural success
rate was 84% for balloon angioplasty, 88% for excimer
laser angioplasty, and 93% for rotational atherectomy.
The incidence of major complications (death, MI, or bypass
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Figure 23.11 Coronary artery dissections after excimer laser angioplasty. Treatment of a long
lesion in the left anterior descending artery (A, proximal arrow) was associated with propagating
dissection (distal arrow). Treatment of a total occlusion in the midportion of the right coronary artery
(B, proximal arrow) was associated with propagating dissection to the distal right coronary artery
(distal arrow).



surgery) was greater after excimer laser angioplasty than
after rotational atherectomy or balloon angioplasty (6.2
versus 2.3% and 4.8%, respectively). At 6-month follow-up,
the incidence of clinical events (death, MI, bypass surgery,
or repeat intervention) was greater after treatment with
rotational atherectomy than balloon angioplasty (53 versus
45%, P � 0.05), whereas treatment with excimer laser
angioplasty was associated with an intermediate rate of
clinical events (49%). These data do not support the use of
laser in calcified lesions.

In-Stent Restenosis

Laser angioplasty may be used successfully as a debulking
treatment for in-stent restenosis. Excimer laser angioplasty
with adjunctive balloon dilatation was evaluated in 527
in-stent lesions in 440 patients previously treated with
bare-metal stents (87). There was a 92% laser angioplasty
success, with serious adverse events including death (1.6%),
Q-MI (0.5%), perforation (0.9%), and dissections after
laser (4.8%) or postdilatation (9.3%). Mehran and cowork-
ers (88) compared the results of balloon angioplasty alone
with excimer laser followed by balloon angioplasty in
98 cases of in-stent restenosis treated without vascular
brachytherapy. By quantitative angiography and intravas-
cular ultrasound, excimer laser was found to safely provide
greater acute gain, plaque reduction, larger cross-sectional
lumen area, and a trend for lower clinical restenosis than
seen with balloon angioplasty. 

MECHANICAL THROMBECTOMY

The pathogenesis of acute myocardial ischemic syndromes in
native coronary arteries and saphenous aortocoronary vein
grafts clearly involves thrombus formation (89–91). Often
the amount of thrombus formation at the surface of a rup-
tured plaque required to interrupt coronary flow is so small
as not to be evident on coronary angiography. Occasionally,
however, larger thrombi propagate beyond the culprit plaque
or into a proximal area of stagnant flow. Such large thrombi
may be evident on angiography, and attempted intervention
in such lesions tends to produce significant clinical problems
(distal embolization, no reflow, abrupt closure). Historically,
such cases with substantial intraluminal thrombus have been
recognized by certain angiographic and clinical clues (recent
onset of symptoms, a mobile, rat-tail filling defect) and
treated by infusions of thrombolytic drugs. More recently,
these large thrombi have been considered suitable targets for
mechanical thrombectomy devices. 

Pharmacologic Strategies Devised 
to Remove Thrombus

Before the development of mechanical thrombectomy,
standard therapy involved direct intracoronary or intragraft

infusion of urokinase (92–94). The safety and efficacy of
this approach was evaluated in the ROBUST trial (95), in
which 107 patients with occluded saphenous vein bypass
grafts were treated with direct urokinase infusion through a
0.035-inch infusion wire. After 25.4 hours of urokinase
infusion to a mean dosage of 3.7 million units, a 69%
recanalization success rate was observed with major com-
plications including a 3% stroke rate and a 6.5% death
rate. Broader use of adjunctive urokinase infusion, how-
ever, during intervention in patients with unstable angina,
was studied in the randomized TAUSA trial (96) and was
associated with a worsening of clinical outcomes. In an
attempt to avoid systemic lytic complications, urokinase
has also been delivered directly to the thrombus surface
using various specialized delivery catheters or hydrogel-
coated balloons. Initial experience showed complete dis-
solution of thrombus in patients with angiographically
evident thrombus in native coronary and vein graft
obstructions (97–99).

Mechanical Thrombectomy

Limitations in speed, efficacy, and bleeding complications
have fostered the development of catheter-based tech-
niques for direct thrombus removal. Several catheter-based
systems have been designed either to disintegrate throm-
bus or to aspirate and remove thrombus from the body. 

Cut-and-Aspirate Devices

The mechanical cutting and aspirating transluminal extrac-
tion catheter (TEC) device was once advocated as a poten-
tial strategy for the treatment of thrombus-containing
native coronaries and vein grafts (100–104), but its use has
been associated with problems with distal embolization
and vessel injury. More recently, the X-sizer device has used
a rotating helical auger at its tip, combined with luminal
suction, to remove clots. In the X-tract trial, there was no
net benefit in the X-TRACT trial (105) except for a reduc-
tion in large myocardial infarction (CK-MB greater than
eight times normal) in a subgroup with large baseline
thrombi. The Pathways Medical device uses external vanes
on a spinning catheter, combined with luminal suction, to
remove clots and atherosclerotic debris from saphenous
vein grafts, but remains investigational at this time.

Venturi/Bernoulli Suction

Another approach is to use a high-speed water jet to create
suction via the Bernoulli/Venturi effect. The Cordis
Hydrolyser used this approach, but had only limited
European exposure in humans in peripheral vessels (106),
hemodialysis shunts (107), and coronary arteries and vein
grafts (108,109). By far, the dominant application of this
principle, however, is the Possis AngioJet. This catheter has
a stainless steel tip connected to a high-pressure hypotube
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(Fig. 23.12). Saline is injected through the catheter via the
hypotube into the tip, where it exits as a set of high-speed
jets directed back through a small opening before re-enter-
ing the main catheter lumen and then being evacuated. By
the Venturi/Bernoulli principle, this creates a low-pressure
region at the tip within the small opening. Combined with
a normal pressure in the arterial lumen of �100 mm Hg, a
driving pressure of 860 mm Hg thus pulls surrounding
fluid (blood, thrombus, and saline) into the tip opening.
There, the jets break the thrombus into subcellular-sized
particles and propel them proximally through the catheter
lumen and out of the body. A hemostasis valve allows for
the evacuation lumen to be sealed around a 0.014-inch-
diameter guidewire, over which the catheter is advanced
down the coronary vessel. 

In the original AngioJet, the jet passed across a 1-m gap
near the tip of the catheter, but in contemporary catheters
the jet is encased in an outer catheter shaft that has two low-
pressure orifices close to the jet and two higher-pressure ori-
fices slightly more proximal. This design creates a circular
vortex around the tip of the catheter that is more efficient in
clot removal. This has allowed downsizing to the 4F XMI
device, which is available in over-the-wire and rapid-exchange
formats, each compatible with 6F guiding catheters and
0.014-inch guidewires. They are intended for use in vessels
�2.0 mm in diameter, with a larger 5F XVG catheter requir-
ing an 8F guiding catheter and best suited to large (�5.0 mm)
saphenous vein bypass grafts or large peripheral arteries.
Previous in vivo histologic studies have shown that the
catheter produces minimal or no vessel wall damage (110).

Procedure

Once the culprit thrombotic lesion is crossed with a con-
ventional guidewire, the AngioJet is advanced over that
wire and distal to the thrombotic lesion. When the foot
pedal is depressed, the high-pressure saline jets are activated.

During continued activation, the catheter is withdrawn
slowly across the lesion at 0.5 to 1.0 mm/second. By acti-
vating the saline jets distal to the lesion, the risk of dis-
lodgement and embolization of thrombotic debris may be
reduced, although some operators still prefer to activate
the AngioJet proximal to the occlusion as they approach
and cross the lesion. Angiography is performed after the
first AngioJet pass, and repeated passes are performed until
there is no further evidence of improvement in the lumen
diameter or thrombus burden between sequential passes. 

Transient bradycardia almost always accompanies acti-
vation of the AngioJet catheter in the right coronary artery
or dominant circumflex, most likely owing to local adeno-
sine release by hemolysis. For this reason, placement of a
temporary transvenous pacemaker is essential prior to
AngioJet use.

Results

The AngioJet has been used successfully to remove throm-
bus in semielective situations such as thrombotic vein
grafts (Fig. 23.13) as well as in acute coronary ischemic sce-
narios including acute myocardial infarction (Fig. 23.14;
111–113). It is most effective in removing thrombus �48
hours old. Cross-linking of fibrin and cellular organization
make older thrombi less susceptible to fragmentation and
removal by the AngioJet. 

The Vein Graft AngioJet Study (VeGAS 1), a multicenter
registry of 90 patients with acute ischemic syndromes,
demonstrated that the AngioJet Rheolytic thrombectomy
catheter reduced the angiographically measured thrombus
burden within native coronary arteries or saphenous vein
bypass grafts by an average of 86% (114). The Vein Graft
AngioJet Study Randomized Trial (VeGAS 2) randomized
500 patient with angiographically evident thrombus to the
AngioJet Rheolytic Thrombectomy System or selective
overnight intracoronary urokinase infusion, do assess
the safety and effectiveness of thrombus removal before
stenting during the treatment of saphenous vein grafts or
native coronaries (115). Because the 30-day event-free sur-
vival for major adverse cardiac events (defined as freedom
from death, myocardial infarction, emergent bypass surgery,
target lesion revascularization, or stroke) was significantly
better for the AngioJet group after enrollment of 300
patients, the data safety committee recommended early ter-
mination at a final enrollment of 349 patients (180 in the
AngioJet arm and 169 in the urokinase arm). The results of
VeGAS 1 and VeGAS 2 were the basis of the Food and Drug
Administration (FDA) approval of the device in June 1998.

More recently, the AngioJet Rheolytic Thrombectomy
In Patients Undergoing Primary Angioplasty for Acute
Myocardial Infarction (AIMI) trial tested the hypothesis
that routine removal of coronary thrombus prior to defini-
tive angioplasty and stenting in the setting of acute myocar-
dial infarction would improve perfusion and myocardial
salvage (115a) . In total, 480 patients with acute ST-segment
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Figure 23.12 Principle of Rheolytic thrombectomy with the
Possis AngioJet. High-speed saline jets exit orifices near the
catheter tip and spray back into the mouth of the catheter. This
creates intense local suction by the Venturi effect, which pulls
thrombus into the jets, where the thrombus is macerated and pro-
pelled down the catheter lumen for external collection.
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Figure 23.13 Top left insert. Rheolytic thrombectomy with the Possis AngioJet in a patient with
an occluded saphenous vein graft. Top left. Following balloon angioplasty of the graft ostium, a
large filling defect (open arrow) is apparent in the body of the graft. Bottom left. The AngioJet
(arrow) is advanced beyond the presumptive thrombus, activated, and pulled back slowly. Top right.
Following AngioJet treatment, only small defects remain. Bottom right. Placement of stents in the
ostium and body of the graft provides near-normal appearance and antegrade flow.

Figure 23.14 AngioJet for acute myocardial infarction. Top left. Primary angioplasty for acute
anterior wall myocardial infarction shows thrombotic occlusion of the proximal left anterior descend-
ing. Bottom left. Passage of the AngioJet distal to thrombus. Top right. Following aspiration with
the AngioJet, the thrombotic filling defect is gone. Bottom right. Following stent placement, a large
smooth lumen and brisk antegrade flow are present.



elevation myocardial infarction within 12 hours of symp-
tom onset were randomized to either conventional stenting
or to AngioJet followed by stenting. The primary end point
was infarct size measured 14 to 28 days after presentation
by Tc-99m sestamibi single photon emission computed
tomography (SPECT) imaging. Ninety-five percent of
patients received adjunctive pharmacologic treatment with
platelet GP IIb/IIIa receptor antagonists, and the AngioJet
was delivered successfully to 95% of patients assigned to
that therapy. Despite the fact that 53 to 55% of patients
had occluded infarct-related arteries on initial angiogra-
phy, and an additional 20 to 22% of patients had patent
arteries with moderate or large thrombi, the primary end
point showed that final infarct size was actually larger
(12.5 versus 9.8% of the left ventricle, P � 0.02) and
TIMI 3 flow was less often achieved (92 versus 97%,
P � 0.02) in patients randomly assigned to thrombectomy.
Finally, the 30-day end point of composite major adverse
clinical events (MACEs; death, new Q-wave MI, stroke,
TLR) was higher in the thrombectomy group (6.7 versus
1.7%, P � 0.01).

Although this suggests that AngioJet thrombectomy
should not be performed routinely in patients undergoing
primary angioplasty for acute myocardial infarction, there
are several important limitations of the AIMI trial that merit
mention. Since randomization took place after initial angio-
graphy, many patients with large thrombi were likely treated
with open-label thrombectomy. Furthermore, delay in reper-
fusion to allow for setup of the AngioJet console and pace-
maker insertion contributed to a total procedure time
that was 16 minutes longer in the thrombectomy group
than in the control group (P � 0.0001). Recognizing these
limitations, our clinical practice continues to make use of
this device in the setting of acute MI when a large thrombus
is present.

Suction Thrombectomy

Several catheters are available for simple suction thrombec-
tomy and may be of value in the management of throm-
botic lesions. Although not subjected to controlled studies,
these low-profile devices act through simple aspiration.
Examples include the Export catheter (Medtronic, Inc.),
originally designed as part of the PercuSurge embolic pro-
tection Guardwire device, the Rescue catheter (Boston
Scientific), and the Pronto catheter (Vascular Solutions). The
Rinspirator (Kerberos) has the added attribute of perform-
ing simultaneous saline infusion and aspiration to create
turbulence that may improve the efficiency of thrombus
removal compared with the laminar flow achieved with the
simple tubular aspiration catheters.

Ultrasonic Thrombectomy 

Ultrasonic vibration can induce cavitation that can frag-
ment thrombus into small particulates. The Acolysis System

used therapeutic coronary ultrasound (at 41.9 kHz) deliv-
ered to the tip of a 5F catheter to produce this effect
(116–119). In the initial experience, 20 patients were treated
with the coronary ultrasound thrombolysis for saphenous
vein graft (SVG) disease (75% had total occlusions); there
was a 70% device success, with only one patient (5%) hav-
ing evident distal embolization. However, in the ATLAS
trial, 118,181 patients undergoing SVG stenting were ran-
domized to receive Acolysis or abciximab. Angiographic
procedural success was achieved in 63% of Acolysis patients
and 82% of abciximab patients (P � 0.008), and the inci-
dence of major adverse cardiac events at 30 days was 25%
with Acolysis and 12% with abciximab (P � 0.036), owing
primarily to a more frequent non–Q-wave MI with
Aacolysis (19.6% versus 7.9%, P � 0.03). An ultrasonic
guidewire (OmniSonics), which produces a similar effect
to Acolysis in vitro, is still in clinical testing.

EMBOLIZATION PROTECTION DEVICES

The devices discussed above seek to remove plaque or
thrombus from the target lesion, but it is increasingly clear
that most, if not all, interventions (including balloon
angioplasty and stent placement) tend to dislodge frag-
ments of friable plaque or thrombus. Particle emboliza-
tion, moreover, appears to be one of the main causes of
no reflow and elevation of cardiac enzymes during saphe-
nous vein graft intervention and primary PCI for acute MI
(120,121), as well as the cause of ischemic stroke during
carotid artery intervention (see Chapter 27). Various
devices have been developed, undergone clinical trial
evaluation, and gained regulatory approval to trap such
embolic material and remove it from the circulation
(Figs. 23.15, 23.16). It is likely that embolic protection will
be used in combination with an ever-broader variety of
interventional devices (such as thrombectomy and stent
placement, Fig. 23.17) to protect the distal circulation from
embolization and consequent no reflow and ischemic
injury.

Distal Occlusion Systems (Guardwire)

The first FDA-approved device for distal embolic protec-
tion was an occlusion balloon and aspiration system, the
PercuSurge Guardwire (Medtronic). The system consists of
several elements: an angioplasty wire consisting of a 0.014-
inch nitinol hypotube with a radiopaque, flexible tip; a
5.5-m-long elastometric balloon (mounted 3.5 cm from
the tip of the wire) that can be inflated at low pressure
(�2 atmospheres to a diameter of 3.5 to 5.0 mm); and a
135-cm-long side-hole monorail aspiration catheter
(Export) used to remove particulate debris and blood after
PCI and before deflation of the Guardwire balloon. Once
the Guardwire has crossed the lesion and the balloon has
been placed in the downstream vessel, the Guardwire
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Figure 23.15 Embolus retrieval devices. A. The PercuSurge Guardwire shown at the tip of a guid-
ing catheter in deflated and inflated states. B. BSC/EPI FilterWire in collapsed and deployed states.
C. The MedNova filter device shown in collapsed and deployed states. D. The Rubicon filter device
shown in collapsed and deployed states. E. The Cordis Angioguard filter shown in deployed state.
F. The Medtronic Interceptor Filter shown in deployed state. G. The Proxis proximal protection
catheter. H. The Proxis inflation device and catheter hub system.

Figure 23.16 Embolic material retrieved with various devices during saphenous vein graft stent-
ing procedures. A. EPI FilterWire. B. Aspirate during Guardwire occlusion. C. Interceptor filter.
D. Aspirate during Proxis occlusion.



balloon is inflated to interrupt antegrade flow while the
PCI is carried out. All embolic material is trapped in the
stagnant column of blood proximal to the balloon and
aspirated with the Export catheter before the Guardwire
balloon is deflated and antegrade flow is restored. 

Strong evidence for distal embolization comes from the
early use of this device. The phase I SAFE registry demon-
strated safety of this device (122). Webb and colleagues
(123) assessed the potential of distal protection by analyz-
ing debris from 27 SVG interventions . The retrieved parti-
cles were 204  57 
m in major axis and 83  22 
m
in minor axis and consisted of predominantly acellular
atheromatous material found under the fibrous cap.
Semiquantitative analysis of the plaque material suggested
that more debris was released from balloon dilatation than
from direct stenting.

The landmark SAFER (Saphenous Vein Graft Angioplasty
Free of Emboli Randomized) trial was the first large random-
ized trial assessing the impact of embolic protection on clin-
ical outcomes (124). The study assigned 801 patients with
SVG lesions to intervention with either a standard guidewire

or a PercuSurge Guardwire. To allow adequate distal landing
zone and to limit proximal reflux of debris during Guardwire
inflation, lesions had to be �5 mm from the ostium and
�20 mm from the distal anastomosis. The primary end
point was 30-day MACE rate, defined as a composite of
death, myocardial infarction (CK-MB greater than three
times the upper limit of normal), emergent bypass surgery, or
target vessel revascularization. Technical success with the
Guardwire was achieved in 90.1 % of cases. There was a 6.9%
absolute reduction (42% relative reduction) in the primary
end point for the Guardwire (P � 0.004), which was owing
primarily to a reduction in non–Q-wave myocardial infarc-
tions. This benefit was seen independent of the use of
platelet GP IIb/IIIa receptor blockers, for which enrollment
was stratified. Patients treated with the Guardwire had higher
rates of TIMI 3 flow and a less frequent no reflow. 

Other Distal Occlusion Systems

A second-generation distal occlusion system has been
developed and evaluated. The Kensey Nash Triactiv system
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Figure 23.17 Combination of distal protection and Rheolytic thrombectomy. Top left.
Thrombotic occlusion in the midsegment of the right coronary artery. Top center. Severe stenosis
and bulky adherent thrombus is present after initial wire crossing. Top right. The EPI/BSC FilterWire
has been passed into the distal vessel and deployed. Bottom left. Advancement of the AngioJet
over the FilterWire. Bottom center. After removal of the thrombus, residual stenosis is evident.
Bottom right. After stent placement, brisk flow is evident into the distal vessel.



incorporates a rapidly inflating and deflating CO2-filled
distal balloon and a selective infusion catheter to motivate
suspended debris toward the tip of the guiding catheter,
which is placed under suction. The randomized PRotection
during Saphenous Vein Graft Intervention to Prevent Distal
Embolization (PRIDE) trial was recently completed (124a),
and demonstrated equivalence of this device with the
Guardwire (30-day MACE rates of 10.2 and 11.2% in the
Guardwire and Triactiv groups, respectively). A newer
iteration in which the infusion and aspiration functions
are combined in a single selective catheter is currently
undergoing testing. The Possis GuardDOG (distal occlu-
sion guidewire) also uses a CO2-filled distal balloon, but
uses the AngioJet catheter (see above) to macerate and
remove any suspended debris. It is in preliminary clinical
testing.

Strengths of all the distal occlusion system include the
ability to remove all sizes of particulate debris and humoral
factors, whereas weaknesses include the need to interrupt
antegrade flow for 3 to 5 minutes during the intervention
and aspiration cycles and the inability to inject contrast to
visualize the target lesion during the interval. The former
limitation can be overcome with careful procedural team-
work and planning, whereas the latter can be partially over-
come by injecting contrast through the guiding catheter
during balloon inflation and trapping it within the lesion.

Distal Filters

Because they do not interrupt flow, distal filters avoid proce-
dural ischemia sometimes encountered with the Guardwire.
Furthermore, they allow more precise positioning of stents
and balloon inflations, since contrast puffs through the
guiding catheter may be performed in the usual manner.
There was initial concern, however, that filters might be less
efficacious than distal occlusion, owing to incomplete cap-
ture of smaller particles or soluble mediators. Comparative
trials, however, have shown that filters are generally as
effective as distal occlusion.

FilterWire

The first filter to gain regulatory approval (in mid-2003) was
the FilterWire EX. It consists of a conventional guidewire to
which an elliptical, radiopaque, nitinol loop is attached. A
polyurethane filter bag with 110-micron pores is suspended
from the nitinol loop. The device can be used in vessels
between 3.5 and 5.5 mm (smaller and larger diameter
devices are in development). It is delivered in its collapsed
state within a 3.2F (6F guide-compatible) delivery sheath,
which is withdrawn to allow the filter to expand and the
procedure to be performed over the guidewire shaft. At the
end of the intervention, the filter is recollapsed and with-
drawn with the aid of a retrieval sheath.

The FilterWire was studied in the initial phase I study
(125) and then in the pivotal randomized FilterWire EX

Randomized Evaluation (FIRE) trial (126), which com-
pared it with the Guardwire in saphenous vein graft stent-
ing. This trial was the first to allow direct comparison of
the relative efficacy and safety of filtering versus distal
occlusion approaches for SVG stenting. The phase I por-
tion treated 60 lesions in 48 patients, and the initial roll-in
portion of the phase II study treated 248 lesions in 230
saphenous vein grafts. In combination, these two early
experiences identified several technical aspects that were
associated with adverse events (21.3% 30-day MACE) and
were then addressed in the phase II study: (1) ensuring
�2.5-cm distance between lesion and distal anastomosis;
(2) placement of the FilterWire in a straight landing zone
segment (�2 cm); (3) use of orthogonal angiographic
views to document circumferential filter apposition to the
vessel wall prior to stenting; (4) retracting only the proxi-
mal end of the debris-containing filter into the retrieval
sheath. Incorporating these changes, the second phase of
toll in patients in the FIRE trial showed a markedly lower
30-day MACE rate of 11.3%. 

This favorable performance was continued in the ran-
domized phase of the FIRE trial, which showed 30-day
MACE rates with the FilterWire of 9.9%, compared with
11.6% with the GuardWire. The recently approved second-
generation FilterWire (FilterWire EZ) has several improve-
ments to the FilterWire EX device, including a mechanism
to enhance filter centering even in curved segments and a
lower profile peel-away delivery sheath. A small-vessel
FilterWire intended for use in saphenous vein bypass grafts
�3.0 mm in caliber and in native vessels is also under
study.

Other Filters

The Angioguard (Cordis, J&J) is a filter integrated into
a 0.014-inch stainless steel angioplasty wire. It has a
nickel/titanium skeleton supporting a polyurethane mem-
brane creating a collection basket with laser drilled 100

m. The basket is delivered via a delivery sheath (2.5F).
The MedNova Cardioshield is a distal protection filter con-
sisting of a nonnitinol self-expanding system with a porous
polymeric membrane mounted on a 0.014-inch guidewire.
An important feature of this device is that it is free to rotate
on the guidewire, perhaps enhancing apposition and limit-
ing vascular injury. It was the subject of the randomized
CAPTIVE trial, whose results just missed demonstration of
noninferiority to the Guardwire (P�0.057) by intent to
treat analysis (126a). The Interceptor (Medtronic) is a niti-
nol basket affixed to a 0.014-inch guidewire. Its first gener-
ation required a delivery and retrieval sheath akin to the
FilterWire, and initial clinical experience in saphenous vein
bypass grafts was reported in the SECURE trial (127).
Subsequent generations have incorporated opening and
closing of the device from the proximal end of the wire
without need for a delivery or retrieval sheath, thus lower-
ing crossing profile and enhancing ease of use. This device
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is under more broad study in the pivotal randomized
AMETHYST trial. Finally, the Rubicon filter (Rubicon, Inc.)
is a filter incorporated directly into an 0.014-inch wire,
making it the lowest profile filter yet. As with the
Interceptor, it is deployed through proximal actuation
without the need for a delivery sheath, although a sheath is
required for retrieval at the conclusion of the procedure.

General Issues

Although there has been a concern with all filters regarding
a lesser completeness of protection than might be afforded
by occlusion balloons, several pieces of evidence argue
against this. First, the FIRE trial provided reassurance that
clinical events were no more common with a filter than
with an occlusion balloon (126). Second, analysis of par-
ticulate retrieved from filters (first-generation Interceptor)
or Guardwire has shown that the aggregate volume of par-
ticulate and the distribution of particle size are similar for
the two approaches (128). Taken together, these two
pieces of data suggest that filters will ensnare the same
particulate as occlusion balloons and that soluble media-
tors do not contribute substantially to adverse events or
no reflow. It is important to acknowledge, however, that
adverse events still occur even with distal embolic protec-
tion. The 30-day MACE rates in the FIRE, SAFER, and
PRIDE trial protection groups were all between 9.6 and
11.6%. Although the genesis of these events is not clear,
possible contributors include (a) particles released during
initial lesion crossing before filter or balloon deployment
at the time of deployment of the protection device itself,
(b) incomplete aspiration of particles (particularly those
adherent to the device itself), (c) motion of the protection
device during the procedure with transient loss of apposi-
tion and escape of particles, or (d) embolic fragments
adherent to the stented site, not freely mobile, which
embolize in the early postprocedure hours. Furthermore,
it has been difficult to predict which diseased vein grafts
will have the greatest risk for particle embolization. A
recent analysis on the SAFER and FIRE trials has estab-
lished two angiographic predictors of saphenous vein
graft MACE—the degree of graft degeneration and esti-
mated plaque volume in the lesion being treated (129).
Although predicted risk varies between 10 and 50% based
on these factors, there is protection against MACE at all
levels of risk. In our practice, we therefore use embolic
protection devices in essentially all saphenous vein graft
interventions for which there is an adequate distal landing
zone.

Proximal Occlusion Systems

In an attempt to provide more complete embolic protec-
tion (particularly during initial wire crossing), to allow
choice of different conventional wire attributes during the
procedure, and to permit protection even for lesions too

distal to permit use of a distal filter or balloon, novel prox-
imal occlusion systems have been developed. The Proxis
device (Velocimed) is a highly flexible 6F balloon-tipped
catheter advanced through a conventional 7 or 8F guide to
a point proximal to the lesion. With the balloon inflated
and distal flow interrupted, guidewires, balloon, and stents
can be introduced. At any point during and at the conclu-
sion of the intervention, the distal vascular bed is evacu-
ated by simple aspiration and flow reversal through the
guiding catheter. As such, this proximal protection system
allows the establishment of protection before any contact
with the lesion, including guidewire crossing. It also
allows the theoretical protection of all side branches prox-
imal to and distal to the lesion. Initial clinical experience
in Europe in the FASTER trial (130) showed a 30-day
MACE rate of 5.7% in a mixture of native coronaries
and vein grafts, and the pivotal randomized PROXIMAL
trial comparing outcomes to FilterWire or Guardwire is
underway.

Native Coronary Artery Intervention

Although the initial test bed for embolic protection was
the diseased saphenous vein graft, distal embolization
during primary angioplasty for acute myocardial infarc-
tion is increasingly appreciated. In one report of 178
patients undergoing primary angioplasty, distal emboliza-
tion was observed in 15.2% and was associated with
reduced angiographic success. Myocardial blush scores,
ST-T segment resolution, left ventricle ejection fraction,
and long-term survival were impaired in patients with dis-
tal embolization. Moreover, preliminary reports of
embolic protection using the Guardwire and the
FilterWire have suggested possible benefit (131). However,
randomized clinical trials have provided conflicting data.
In the 501-patient enhanced myocardial efficacy and
recovery by aspiration of liberalized debris (EMERALD)
trial, ST-segment resolution and myocardial perfusion
with Tc-99 sestamibi failed to show a benefit of the
Guardwire over conventional stenting in patients with
acute myocardial infarction (132). In contrast, the much
smaller DIPLOMAT trial, which randomized only 60
patients to the Angioguard filter versus conventional
stenting and used ST-segment resolution as a primary end
point, showed better outcomes in the filter group (133).
The ongoing FLAME trial will study the FilterWire in a
much larger randomized trial of patients with acute ST-
elevation myocardial infarction.

There are, however, several inherent limitations to the
use of distal protection devices in native coronary settings.
Most important, unlike with saphenous vein grafts, there is
the potential for embolization of particulate into side
branches that arise between the lesion and the distal pro-
tection device. Furthermore, any delay introduced by virtue
of needing to prepare and insert the device will result in
delay in reperfusion. Third, initial crossing and reperfusion
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of the occluded infarct-related artery with conventional
techniques and in the absence of protection is required to
establish a suitable landing zone for the distal protection
device. These limitations may be overcome through proxi-
mal protection approaches (see above), which would
allow establishment of protection before initial crossing
even of an occluded vessel and would theoretically permit
protection of all side branches as well, with reversal of flow
evacuating all vessels in the distribution of the infarct. In
summary, the place of embolic protection in native coro-
nary interventions is far from proven, and ongoing clinical
trials are assessing novel approaches to this challenging
setting.

SUMMARY 

Although they have proven no more effective than stenting
for the treatment of routine lesions, mechanical and laser-
based atherectomy techniques continue to play an impor-
tant supporting adjunctive role in coronary intervention in
certain complex lesion subsets such as ostial, bifurcation,
calcified, fibrotic, or in-stent restenotic lesions. In general,
they are more challenging to use than balloon and stent
techniques and frequently carry a higher cost and an
increased risk of some complications (such as per-procedure
CK elevation, perforation, or dissection). They have survived
as important parts of interventional cardiology, however,
because they extend the range of lesions treatable by
catheter-based therapy and when used with proper care,
may make some procedures simpler and safer. The newer
devices for thrombus removal and distal embolic protection
also extend the range of treatable lesions and improve pro-
cedural results, particularly in saphenous vein bypass graft
interventions. Further trials will be required to establish the
correct role for these devices in the treatment of native coro-
nary arteries and the peripheral vascular circulation. 
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24Coronary Stentinga

Gregg W. Stone

Stents are metallic scaffolds that are deployed within a dis-
eased coronary artery segment to maintain wide luminal
patency. Stent-assisted coronary intervention has now
supplanted coronary artery bypass graft surgery as the most
common revascularization modality in patients with coronary
artery disease. The acute and late results of stent implanta-
tion, however, vary greatly depending on the clinical risk
profile of the patient and the complexity of the coronary
anatomy. A broad range of evidence is available from clin-
ical trials, however, to guide appropriate stent usage in
most situations. This chapter reviews the developmental
history of the coronary stent, emphasizing the elements of
stent design that impact procedural success and long-term
outcomes, the optimal procedural technique and adjunct
pharmacology, the key comparative studies, the break-
through technology of drug-eluting stents, and patient-
and lesion-specific issues in stent implantation.

HISTORICAL PERSPECTIVES

Limitations of Balloon Angioplasty

The mechanism of balloon angioplasty involves plaque frac-
ture (dissection) into the deep media, with expansion of the
external elastic lamina, as well as partial axial plaque redistri-
bution along the length of the vessel (see Chapter 22). This
acute benefit is eroded by various degrees of early elastic
recoil, late neointimal hyperplasia (smooth muscle prolifer-
ation, migration, and extracellular matrix production), and
chronic negative vascular remodeling at the treatment site,
contributing to a 3% incidence of abrupt vessel closure and a
30% incidence of late restenosis. The coronary stent was
devised as a permanent endoluminal prosthesis that could

seal dissections, create a predictably large initial lumen, and
oppose early recoil and late vascular remodeling to improve
both the early and late results of balloon angioplasty.

Development of the Coronary Stent

The term stent derives from a dental prosthesis developed
by the London dentist Charles Stent (1807–1885) and is
now used to indicate any device used for “extending,
stretching, or fixing in an expanded state” (1). Alexis Carrel
had described the concept of a vascular stent (actually a
glass tube) to support the endoluminal surface of a canine
thoracic aorta in 1912 (2), and in 1964 Charles Dotter had
proposed and evaluated an endovascular metallic prosthe-
sis to seal dissections and overcome elastic recoil (3). But
the first attempts at percutaneous arterial stenting in man
were by Maass and colleagues from Switzerland, who
implanted a self-expanding helical coil stent in three
patients with dissecting aortic aneurysm (4). Shortly there-
after, Rabkin and coworkers in Russia began using heat-
expandable nitinol stents in peripheral and carotid arteries
(5). The first stents were implanted in human coronary
arteries in 1986 by Sigwart, Puel, and colleagues, who
placed Wallstent sheathed self-expanding metallic mesh
scaffolds in the peripheral and coronary arteries of eight
patients (6). Their initial favorable reports were subse-
quently tempered by a multicenter study of the Wallstent
that described high rates of thrombotic occlusion and late
mortality (7). The patients who did not suffer from suba-
cute thrombosis, however, had a 6-month angiographic
restenosis rate of only 14%, suggesting for the first time
that stenting might improve date clinical outcomes.

Contemporaneously, Cesare Gianturco and Gary Roubin
developed a balloon-expandable coil stent consisting of a
stainless steel wire wrapped in a serpiginous manner to form
a clamshell shape (8; Fig. 24.1, left). In 1988, they began a
phase II study using the Gianturco-Roubin stent to reverse
postangioplasty acute or threatened vessel closure (9), which

aSome of the material included in this chapter was contributed by
Donald Baim and Joseph Carrozza, Jr. in the prior edition.



ultimately led to Food and Drug Administration (FDA)
approval of the device for this indication in June 1993 (Fig.
24.2). In 1984, Julio Palmaz designed a balloon-expand-
able slotted tube stainless steel stent in which rectangular
slots were cut were cut into thin-walled stainless steel tub-
ing and deformed into diamond-shaped windows during
expansion by an underlying delivery balloon (10). The
rigidity of this design made passage through bends in guid-
ing catheters and tortuous vessels difficult, however, until
Richard Schatz added a 1-mm central articulating bridge
between two rigid 7-mm segments (11,12) to create the 15-
mm long Palmaz-Schatz stent (Johnson and Johnson
Interventional Systems, Warren, NJ; Fig. 24.1, right). The
first coronary Palmaz-Schatz stent was placed by Eduardo
Sousa in Sao Paulo, Brazil, in 1987, with a U.S. pilot study
begun in 1988.

In 1989, enrollment commenced in two randomized
multicenter studies (STRESS and BENESTENT) compar-
ing balloon angioplasty to elective Palmaz-Schatz stenting
with an end point of improved long-term outcomes
(13,14). These studies each showed markedly improved

Chapter 24: Coronary Stenting 493

Figure 24.1 Left. In the original configuration for the Gianturco-
Roubin stent, surgical stainless steel sutures were wound around a
cylindrical rod using pegs to shape the wire, resulting in a
clamshell design. Right. The original Palmaz 15-mm-long slotted
tube stent (shown without the central articulation suggested by
Richard Schatz).

Figure 24.2 Early example of placement of a Gianturco-Roubin coil stent for threatened abrupt
closure. A long lesion is present in the left anterior descending (top left), with a long dissection
after angioplasty (open arrow, upper right), placement of a coil stent (bottom left) results in
effacement of the dissection and elimination of the need for emergency bypass great surgery
(bottom right).



initial angiographic results, with a larger postprocedural
minimal luminal diameter, fewer residual dissections, a
lower rate of subacute vessel closure, as well as a 20 to
30% reduction in clinical and angiographic restenosis
compared with conventional balloon angioplasty (Fig. 24.3).
This led to FDA approval of the Palmaz-Schatz Stent in
1994 for the elective treatment of focal de novo lesions in
native coronary arteries with reference diameter 3 to 4
mm. Long-term follow-up to 5 years has subsequently
demonstrated few late clinical or angiographic recur-
rences beyond 1 year after coronary stent implantation
(15,16).

Overcoming Stent Limitations

Despite the impressive acute and long-term results with
the Palmaz-Schatz stent, widespread adoption of this tech-
nology was hindered by the need for an intense anticoagu-
lation regimen (consisting of aspirin, dextran, dipyri-
damole, heparin, and warfarin) to inhibit stent thrombosis
(which nonetheless still occurred in approximately 3% of
patients; see below). This profound degree of anticoagula-
tion, however, resulted in a marked increase in hemor-
rhagic and vascular complications, prolonging the hospi-
tal stay and increasing costs compared with balloon
angioplasty alone (14). In the early 1990s, Colombo and
colleagues used intravascular ultrasound to demonstrate
that most stents remained inadequately expanded despite
an acceptable angiographic appearance (17). By routine
high-pressure adjunctive dilatation (�14 atm), and the
use of aspirin plus a second antiplatelet agent (the

thienopyridine, ticlopidine) in place of warfarin therapy,
they reduced the incidence of stent thrombosis to approx-
imately 1 to 2%, while markedly reducing bleeding and
femoral arterial complications (18). Subsequently, four
randomized trials have established the superiority of dual
antiplatelet therapy (with aspirin and ticlopidine) over
anticoagulation with warfarin for prevention of stent
thrombosis (19–22; Fig. 24.4). 

The combination of improved procedural technique,
more effective antiplatelet regimens, expanding indica-
tions, and the introduction of more flexible and easily
delivered second-generation stents made coronary stent-
ing the default therapy for most patients with coronary
artery disease (23). Even though slotted tube and multi-
cellular stents inhibit chronic recoil, lumen renarrowing
still occurs after bare metal stent implantation owing to
neointimal hyperplasia that is often even greater than
that seen after balloon angioplasty alone (24). But the
larger acute lumen diameter (i.e., greater acute gain) pro-
vided by stenting usually still allows a larger late lumen
and an overall lower rate of restenosis than balloon
angioplasty, an example of the “bigger is better” principle
(see Chapter 22; 25–27). More recently, the site-specific
release of antiproliferative bioactive agents from drug-
eluting stents has emerged as a safe and effective way to
mitigate the amount of in-stent tissue that accumulates
after stent implantation, further reducing (to 5 to 7%)
the rates of clinical and angiographic restenosis (28,29).
As a result, the coronary stent is certain to remain the
mainstay of coronary intervention for the foreseeable
future.
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for FDA approval of the Palmaz-Schatz stent for the prevention of restenosis in de novo lesions. BA,
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STENT DESIGN: IMPACT ON
PERFORMANCE AND CLINICAL
OUTCOMES

Classification

Stents may be classified based on their composition (e.g.,
metallic or polymeric), configuration (e.g., slotted tube ver-
sus coiled wire), mode of implantation (e.g., self-expanding
or balloon expandable), bioabsorption (inert/biostable or
degradable/bioabsorbable), and coating (none, passive
[such as covalent heparin or PTFE polymer], or bioactive
[such as eluting sirolimus or paclitaxel]). In theory, a per-
fect coronary stent would be made of a nonthrombogenic
material and have sufficient flexibility in its unexpanded
state to allow passage through guiding catheters and tortu-
ous vessels, and yet have an expanded configuration that
provides uniform scaffolding of the vessel wall with low
recoil and maximal radial strength while conforming to
vessel bends. In addition, the stent should be sufficiently
radiopaque to allow fluoroscopic visualization to guide
accurate placement and management of in-stent restenosis,
but not so opaque as to obscure important angiographic
luminal details.

In recent years, the importance of the stent delivery system
to device profile, flexibility, and trackability around tortu-
ous and calcific coronary vessels has received increasing
appreciation. The stent must be tightly crimped to the

delivery balloon to avoid dislodgement, and the overhang
of the balloon beyond the ends of the stent should be min-
imized (�1 mm) to avoid vessel trauma outside the stent
margins. The balloon must be able to withstand high pres-
sures (�18 atm) without rupture and should have low
compliance to facilitate predictable sizing and avoid exces-
sive growth outside the stent edges (see Chapter 22). By
2005, more than 50 stent designs have been implanted in
the human coronary circulation, some of which are shown
in Fig. 24.5. To date, none of these stent designs fully
achieve all of the ideal characteristics described above, but
they have nonetheless revolutionized the practice of percu-
taneous coronary intervention.

Stent Composition

Most clinically tested coronary stents to date are con-
structed from metallic alloys. The most widely used metal
in balloon-expandable stents is 316L stainless steel (typically
laser cut from a thin-walled hollow tube). Stainless steel is
predominately composed of iron, which is biologically
inert but also contains approximately 5% nickel, allergy to
which may be linked to an increased risk of in-stent
restenosis (30). Tantalum, cobalt/platinum alloys, and
cobalt chromium alloys have been used instead of stainless
steel to allow thinner stent struts (75 
m versus 100 to
150 
m in most stainless steel stents) without sacrificing
strength or radiopacity (31,32). A chromium oxide surface
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layer may serve to reduce biological activity, but the use of
gold surface coating has been uniformly found to increase
restenosis compared with stainless steel alone (Table 24.1;
33,34). The material most widely used in self-expanding stents
is nitinol, a nickel/titanium alloy that has superelastic and

thermal shape memory properties that allow it to be set into
a particular expanded shape by baking at high temperature.
The stent can then be squeezed down and constrained on the
delivery system, able to return to that set shape when
released in the coronary artery. Other than the well-docu-
mented adverse effect of gold, there is little evidence that
thrombosis or restenosis rates vary with the specific stent
metal, but surface finishing, smoothing, and purification
or passivation may affect early thrombotic and late
restenotic processes (35).

Recent interest has surfaced in biodegradable stents,
which theoretically offer the advantages of increased flexi-
bility (though usually with reduced radial force), compati-
bility with magnetic resonance imaging and multidetector
computerized tomography (though most are fluoroscopi-
cally invisible, requiring markers to ensure accurate place-
ment), and complete bioabsorption over a period of
months (which may reduce the risk of late stent thrombo-
sis and facilitate subsequent revascularization procedures).
To date, only a single polymer-based completely bioab-
sorbable stent has undergone human testing (the Igaki-
Tamai stent in Japan [36]); several other polymer-based
bioabsorbable stents will be entering clinical investigation
shortly. The Biotronik magnesium stent is also completely
degradable (by rapid corrosion) and has been implanted
in human peripheral and coronary vessels in Europe (37).
Given the beneficial outcomes recently reported with
paclitaxel-eluting and sirolimus-eluting stents, these
biodegradable stents will likely also require drug-eluting
capability to equal the results of the permanent counter-
parts. 

Stent Configuration

Stents can be assigned to one of three subgroups, based on
their construction. These are wire coils, slotted tubes, and
modular designs.
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Figure 24.5 Eight early bare metal stent designs Top row.
Crown Stent (left), Minicrown Stent (right). Second row. CrossFlex
LC Stent (left), BX Stent (right). Third row. Duet Stent (left), NIR
Stent (right). Fourth row. Radius Stent (left), Wallstent (right).
Bottom row. GFX stent (left), BeStent (right).

OUTCOMES OF CLINICAL TRIALS WITH GOLD-COATED STENTS
TABLE 24.1

6–12-Month Target Lesion 6-Month Binary Angiographic 
Revascularization Restenosis

Total N Type of Gold Stent Control Gold Control 
Randomized Gold Stent (%) Stent (%) P Value Stent (%) Stent (%) P Value

vom Dahl et al.a 203 Inflow 3 0 NS 36 24 .13
Park et al.b 261 NIR 22.7 15.1 .15 46.7 26.4 �.05
Reifart et al. (34) 603 NIROYAL — — — 37.7 20.6 �.001
Kastrati et al. (33) 731 Inflow 25.1 15.7 .002 49.7 38.1 .003

a vom Dahl J, Haager PK, Grube E, et al. Effects of gold coating of coronary stents on neointimal proliferation
following stent implantation. Am J Cardiol 2002;89:801–805.
b Park SJ, Lee CW, Hong MK, et al. Comparison of gold-coated NIR stents with uncoated NIR stents in patients
with coronary artery disease. Am J Cardiol 2002;89:872–875.



Wire Coils

The Gianturco-Roubin FlexStent (Cook Cardiology, Indiana-
polis, IN) was the initial coil stent prototype, constructed
by winding a 0.006-inch monofilament stainless steel wire
into a serpiginous pattern of reversing loops and then fold-
ing that pattern onto a compliant balloon to create an inter-
digitating coil (Fig. 24.1, left). The mechanical deficiencies
of this design (e.g., low axial and radial strength and a ten-
dency for plaque to prolapse through large gaps between
adjacent loops) largely limited its use to acute or threatened
vessel closure (9). A second-generation Gianturco-Roubin
II stent used a polymer-coated flat wire made from
0.006-inch 316L stainless steel with a longitudinal spine to
enhance radial and axial strength and prevent foreshorten-
ing. It was compared with the Palmaz-Schatz slotted tube
stent in a 755-patient multicenter trial, demonstrating that
the GR-II resulted in significantly greater acute recoil and
plaque prolapse, more frequent edge dissections, a lower
initial minimal luminal diameter, and a greater incidence
of acute closure and late restenosis (38; Table 24.2). As a
result, this stent (and the coil design in general) rapidly fell
out of favor and is no longer used.

Slotted Tubes and Multicellular Stents

The original Palmaz stent design involved offset rows of rec-
tangular slots, each of which was plastically deformed into
a diamond shape during balloon expansion. This trusslike

pattern made the stent relatively resistant to recoil and com-
pression once expanded, but also made it relatively rigid
during passage down the coronary artery. The initial rigidity
of the stent was reduced by breaking the 15-mm rigid
length into two 7-mm segments, joined by a 1-mm-long
central articulation (Fig. 24.1, right). This Palmaz-Schatz
stent was mounted on a balloon and covered by a protec-
tive 5F delivery sheath to protect the stent from dislodge-
ment during passage through tortuous and fibrocalcific
anatomy. Although this design was used for the pivotal ran-
domized trials of stenting and the commercial release in
1994, its relative inflexibility and bulky (5 French) delivery
sheath, requiring large lumen (�0.084-inch) 8F guiding
catheters, remained difficult to deliver through tortuous
anatomy and was plagued by suboptimal scaffolding at the
articulation site.

In an effort to preserve the radial strength and wall cov-
erage of the tubular design but improve flexibility in their
collapsed state, several generations of slotted tube and mul-
ticellular stents have been introduced by various manufac-
turers. Each is laser cut from a metallic tube into a unique
pattern that increases the overall flexibility of the stent
by distributing bending throughout the stent length with-
out compromising radial strength or elastic recoil in the
expanded state. The newer stents are manufactured in a
broader range of stent lengths (8 to 38 mm) and diameters
(2.25 to 6.0 mm) to facilitate stenting of long lesions, small
vessels, saphenous vein grafts, and distal lesions. To elimi-
nate the need for a protective sheath, various mechanical,
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RESULTS OF THE GR-II RANDOMIZED TRIAL
TABLE 24.2

Gianturco-Roubin II Palmaz-Schatz 
Stent (N � 380) (N � 375) P Value

30-day clinical results
MACE 4.2% 1.3% �.01
TLR 3.9% 0.5% �.01
Stent thrombosis 3.9% 0.3% .001
12-month clinical results
MACE 29.8% 17.8% �.001
TLR 27.4% 15.3% �.001
Angiographic results
Number stents per lesion 1.27  0.57 1.47  0.72 �.001
Total stent length 29.3  15.1 22.0  10.9 �.001
Stent to lesion length ratio 2.5 1.9 �.001
Stent to artery ratio 1.02  0.12 1.06  0.12 �.001
Balloon to artery ratio 1.16  0.16 1.14  0.17 .06
Stent recoil 17.9  12.4% 11.2  14.2% �.001
ACC/AHA grade B dissections 18.2% 8.0% �.001
MLD postprocedure (mm) 2.64  0.41 2.83  0.43 �.001
MLD at 9 months (mm) 1.48  0.73 1.90  0.74 �.001
Late loss (mm) 1.21  0.69 0.92  0.72 �.01
Binary restenosis 47.3% 20.6% �.001

MLD, minimal luminal diameter; MACE, major adverse cardiac events: death, Q-wave myocardial infarc-
tion, or TLR; TLR, target lesion revascularization; ACC/AHA, American College of Cardiology/American
Heart Association.



balloon wrapping, and heat curing processes have been
developed to tightly crimp the stent onto the balloon until
it is deployed. This bare mounting onto the delivery bal-
loon has reduced stent delivery profiles to �0.040 inch 
(1 mm), comparable with the best angioplasty balloons of
the late 1990s, and has kept stent embolization rates below
approximately 1 to 3 per 1,000 procedures).

Depending on the cellular configuration, multicellular
stents can be broadly subclassified as either open cell or
closed cell. Open cell designs tend to have varying cell sizes
and shapes along the stent, and provide increased flexi-
bility, deliverability, and side-branch access by staggering
the cross-linking elements to provide radial strength. Open
cell designs thus tend to conform better on bends, though
the cell area may open excessively on the outer curve of an
angulated segment. Closed cell designs typically incorporate
a repeating unicellular element that provides more uni-
form wall coverage with less tendency for plaque prolapse,
at the expense of reduced flexibility and side-branch access.
Closed cell designs also tend to straighten vessel bends
more than do open cell designs.

Modular stents

Despite their enhanced flexibility, even the latest-generation
slotted tube stents are sometimes difficult to deliver
through tortuous and noncompliant vessels. In an effort
to enhance flexibility and deliverability without sacrificing
the excellent scaffolding of the slotted tube stents, modu-
lar or hybrid stents have been created by flexibly joining
multiple short repeating modules to each other. The ini-
tial modular stent was the Arterial Vascular Engineering
MicroStent (subsequently purchased by Medtronic Corp.,
Santa Rosa, CA), which had a series of 4-mm-long rounded
stainless steel corrugated ring subunits welded to each
other. Subsequent designs have incorporated an ellip-
torectangular (rounded) strut profile and progressively
reduced the length of the individual modules to 3 mm
(Micro II), then to 2 mm (GFX ), 1.5 mm (S670), and
finally 1.0 mm (S7 and the cobalt chrome Driver), with
progressive reductions in crossing profile and increased
surface area coverage.

Stent Coatings

Various coatings have been used in an attempt to reduce
the thrombogenicity or restenosis of metallic stents
(Table 24.3). Experimental studies have demonstrated that
coating stents with inert polymers may reduce surface reac-
tivity and thrombosis (39), but most polymer coatings
also provoked intense inflammatory reactions (40), possi-
bly partly responsible for the poor results with the GR-II
stent. Phosphorylcholine is a synthetic polymer that mim-
ics the phosphatidylcholine head group present in the
phospholipids of erythrocyte membranes. When used to
coat stainless steel stents, it appears to be biocompatible,
have less platelet activation and thrombus deposition (41),

and have similar long-term healing responses to a bare
metal. Clinical studies have confirmed similar rates of stent
thrombosis and restenosis with phosphorylcholine coated
and uncoated bare metal stents (Fig. 24.5; 42–45). This
polymer is currently being actively investigated as a drug
delivery vehicle (46).

Heparin has proven utility as a coating for indwelling
catheters, dialysis membranes, and extracorporeal circula-
tion equipment, and has been evaluated for its potential to
reduce stent thrombosis. Heparin may be covalently
bonded to a priming layer applied to the stent surface. In
both baboon arteriovenous shunt fistula and porcine mod-
els, the heparin-coated stent markedly reduces platelet
deposition, thrombus accumulation and vessel thrombosis
compared to uncoated stents (47,48). Several heparin-
coated stents have been tested in humans (49–52). The
clinical and angiographic outcomes with these stents have
been similar to uncoated stents, with no differences in
stent thrombosis, angiographic restenosis at 6 months, or
clinical events at 1 year (Fig. 24.6).

A variety of carbon formulations (turbostratic carbon in
the Sorin Carbostent, silicon carbide in the Biotronik
Tensum stent, and diamondlike films in the Phytis Medical
Devices Diamond Flex and Global Therapeutics Freedom
stents) have been shown to have reduced thrombogenicity,
platelet and/or complement activation, and foreign body
reactions in animals. Comparative studies against bare
metal stents have proven these devices to be safe but have
not demonstrated clinical or angiographic benefits com-
pared with uncoated bare metal stents (Table 24.4; 53–55).
The physicochemical properties of carbon coatings may
also be used for the site-specific elution of bioactive mate-
rials (56).
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STENT COATINGS TO POTENTIALLY REDUCE
THROMBOGENICITY

TABLE 24.3

Heparin
- Carmeda BioActive Surface (CBAS) covalently heparin-bonded

Palmaz-Schatz and Bx Velocity stents
- Medtronic Hepamed covalently heparin-coupled Wiktor and

beStent
- Jomed corline heparin surface (CHS) heparin-coated Jostent

Phosphorylcholine
- Biocompatibles BiodivYsio stent
- Medtronic Endeavor stent
- Abbott Trimax and Zomaxx stents

Carbon
- Turbostratic (Sorin Carbostent)
- Silicon carbide (Biotronik Tensum stent)
- Diamond-like films (Phytis Diamond Flex and Global

Therapeutics Freedom stents)

Abciximab and other glycoprotein IIb/IIIa inhibitors
Activated protein C
Hirudin and bivalirudin
Prostacyclin



Covered Stents

Metallic stents covered by a distensible microporous polyte-
trafluoroethylene (PTFE) membrane offer the potential to
treat perforations, while theoretically decreasing periproce-
dural debris embolization, and reducing restenosis by acting

as a mechanical barrier to neointimal hyperplasia (57).
PTFE-covered stents for coronary and saphenous vein graft
use have been developed by Boston Scientific (the Symbiot
stent, consisting of a double layer of PTFE surrounding a
modified self-expanding RADIUS-like nitinol stent), Jomed
(the Jostent Coronary Stent Graft, consisting of a single PTFE
layer sandwiched between two stents), and Cardiovasc (the
Nuvasc Stent Graft, a stainless steel stent surrounded by
PTFE coated with the synthetic peptide P-15, a cell adhesion
protein to promote endothelialization; Fig. 24.7). PTFE-
covered stents are of unquestioned clinical utility in treating
life-threatening perforations and excluding giant aneurysms,
pseudoaneurysms, or clinically significant fistulae (58–60;
see Chapter 3), and early clinical studies suggested a favor-
able role in enhancing the early safety and late outcomes in
saphenous vein grafts compared with bare metal stents
(61,62). But four large, multicenter randomized trials com-
paring PTFE stent grafts and bare metal stents in degener-
ated saphenous vein grafts have shown that these stents do
not improve clinical outcomes and may be associated with a
higher incidence of restenosis and/or early thrombosis and
late occlusion of the target vessel (Table 24.5; 63–66).

Balloon-Expandable Versus 
Self-Expanding Stents

Balloon-expandable stents are mounted onto a delivery bal-
loon and delivered into the coronary artery in their collapsed
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Figure 24.6 Six-month results of the DISTINCT trial in which
622 patients with de novo lesions 25 mm or less in length in 3- to 
4-mm vessels were randomized to receive either a BiodivYsio phos-
phorylcholine-coated stent or a Multi-Link Duet stent. The results
demonstrated short-term and late equivalency between the two
devices. Of note, no BiodivYsio-assigned patient developed stent
thrombosis (P � NS [not significant]).

RESULTS OF RANDOMIZED STUDIES OF CARBON-COATED AND BARE METAL STENTS
TABLE 24.4

In-Hospital or 30-Day 6–12-Month Target 6-Month Binary 
Major Adverse Lesion or Vessel Angiographic 
Cardiac Events Revascularization Restenosis

Type of Carbon- Carbon- Carbon-
Total Carbon- Coated Control Coated Control Coated Control

N Coated Stent Stent P Stent Stent P Stent Stent P
Randomized Stent (%) (%) value (%) (%) Value (%) (%) Value

Haase et al. 329 Sorin 3.4 3.2 NS 16.4 21.5 0.31 18.1 20.6 .59
(58) Carbostent

Sick et al.b 420 Sorin — — — 17.6 12.7 0.21 23.5 15.9 .07
Carbostent

Unverdorben 446 Tenax stent 3.2 2.8 NS 5.1 3.3 NS 21.3a 21.0a 1.0
et al.c

Hamm et al.d 485 Tenax stent 0.4 0.4 1.0 13.9 15.8 0.78 23.9 23.7 1.0
Airoldi et al.e 347 Phytis 2.8 4.5 0.29 25.9 26.1 0.59 31.8 35.9 .45

Diamond
Flex AS

a At a mean time of 4.7 months.
b Sick PB, Gelbrich G, Kalnins U, et al. Comparison of early and late results of a Carbofilm-coated stent versus a
pure high-grade stainless steel stent (the CarboStent Trial). Am J Cardiol 2004;93:1351–1356.
c Unverdorben M, Sattler K, Degenhardt R, et al. Comparison of a silicon carbide coated stent versus a noncoated
stent in humans: the Tenax- versus Nir-Stent Study (TENISS). J Intervent Cardiol 2003;16:325–333.
d Hamm CW, Hugenholtz PG; TRUST Investigators. Silicon carbide-coated stents in patients with acute coronary
syndrome. Cathet Cardiovasc Intervent 2003;60:375–381.
e Airoldi F, Colombo A, Tavano D, et al. Comparison of diamond-like carbon-coated stents versus uncoated stain-
less steel stents in coronary artery disease. Am J Cardiol 2004;93:474–477.



state. Once in the desired location, inflation of the delivery
balloon expands the stent and imbeds it into the arterial
wall, following which the stent delivery system is removed. A
stent diameter chosen to be 1 to 1.1 times the reference arte-
rial lumen, with a length several millimeters longer than the
lesion, is implanted at �12 to 15 atm. Angiography is then
performed, and a decision is made whether it is necessary to
use a higher-pressure noncompliant and/or larger postdilata-
tion balloon to achieve a residual stenosis as close to 0% as
possible. More than 98% of all coronary stents used currently
are of the balloon-expandable type. 

Self-expanding stents incorporate either specific geo-
metric designs or nitinol shape-retaining metal to achieve a
preset diameter. The stent is mounted onto the delivery sys-
tem in its collapsed state and constrained by a restraining
membrane or sheath. Retraction of the membrane allows
the stent to reassume its unconstrained (expanded) geom-
etry. Self-expanding stents are typically selected to have an
unconstrained diameter 0.5 to 1.0 mm greater than the
adjacent reference segment to ensure contact with the ves-
sel wall and adequate expansile force to resist vessel recoil.
Still, final optimization of stent expansion usually requires
additional dilatation within the stent using a high-pres-
sure, noncompliant angioplasty balloon. Examples of self-
expanding stents include the Boston Scientific Magic
Wallstent, which incorporates a nonferrogmagnetic cobalt
woven mesh wire frame with a platinum core (to increase
radiopacity) and has the ability to readvance the delivery

sheath and recapture a partially deployed stent; and the
Boston Scientific Radius stent, which is a self-expanding
nitinol stent that shortens much less than the Wallstent
during deployment. The two main advantages of self-
expanding stents are as follows: The absence of a stent
delivery balloon results in these devices being extremely
flexible, allowing long stent lengths to be delivered
through tortuous vessels; and the presence of a sheath
reduces friction in fibrocalcific vessels, further enhancing
stent delivery in complex anatomy and eliminating the risk
of stent dislodgment. Although it was initially hoped that
these stents would reduce vessel trauma and subsequent
restenosis, this was shown not to be the case in controlled
clinical trials (67). Moreover, difficulties relating to accu-
rate sizing and precise placement of self-expanding stents
necessitate a longer operator learning curve and render
these devices unsuitable for treating ostial lesions or
stenoses adjacent to side branches. These stents are still
widely used in carotid and femoral stenting (see Chapter
26), where resistance to crushing of the stent by external
pressure is important.

Comparison Among Stents: The Bare Metal
Stent Versus Stent Trials 

More than 20 randomized trials have been performed com-
paring one stent type versus another to investigate relative
angiographic and/or clinical outcomes. In general, these

500 Section VII: Interventional Techniques

The Boston Scientific SYMBIOT Stent Graft The Jomed JOSTENT Stent Graft

Figure 24.7 The two most widely investigated PTFE-coated stent grafts, the Boston Scientific
SYMBIOT stent (left) and the Jomed JOSTENT (right). Note that the PTFE membrane encapsulates
the SYMBIOT stent struts, whereas it is sandwiched between an inner and an outer metal stent in
the JOSTENT.



501

R
A

N
D

O
M

IZ
E

D
 S

TU
D

IE
S 

O
F 

P
TF

E
 S

TE
N

T 
G

R
A

FT
S 

V
E

R
SU

S 
B

A
R

E
 M

E
TA

L 
ST

E
N

TS
 IN

 P
A

TI
E

N
TS

 U
N

D
E

R
G

O
IN

G
 P

E
R

C
U

TA
N

E
O

U
S

C
O

R
O

N
A

R
Y

 IN
TE

R
V

E
N

TI
O

N
 IN

 S
A

P
H

E
N

O
U

S 
V

E
IN

 G
R

A
FT

S

TA
B

LE
 2

4.
5

In
-h

o
sp

it
al

 o
r 

30
-D

ay
 

6–
15

-M
o

nt
h 

Ta
rg

et
 

6–
9-

M
o

nt
h 

6–
9 

m
o

nt
h 

M
aj

o
r 

A
d

ve
rs

e 
Le

si
o

n 
o

r 
V

es
se

l 
B

in
ar

y 
A

ng
io

g
ra

p
hi

c 
A

ng
io

g
ra

p
hi

c 
C

ar
d

ia
c 

E
ve

nt
s

R
ev

as
cu

la
ri

za
ti

o
n

R
es

te
no

si
s

To
ta

l O
cc

lu
si

o
n

B
ar

e
B

ar
e

B
ar

e
P

TF
E

-
M

et
al

P
TF

E
-

M
et

al
P

TF
E

-
M

et
al

B
ar

e
To

ta
l

P
TF

E
-

C
o

at
ed

 
C

o
nt

ro
l

C
o

at
ed

C
o

nt
ro

l
C

o
at

ed
C

o
nt

ro
l

P
TF

E
-

m
et

al
N

C
o

at
ed

 
St

en
t 

St
en

t
P

St
en

t
St

en
t

P
St

en
t

St
en

t
P

C
o

at
ed

co
nt

ro
l

P
R

an
d

o
m

iz
ed

St
en

t
(%

)
(%

)
V

al
ue

(%
)

(%
)

V
al

ue
(%

)
(%

)
V

al
ue

St
en

t
st

en
t

va
lu

e

St
an

ko
vi

c 
et

 a
l.

30
1

Jo
m

ed
 

10
.9

4.
1

.0
47

9.
6

8.
3

.8
4

24
.2

24
.8

0.
24

12
.9

%
12

.0
%

N
S

(6
6)

Jo
st

en
t

Sc
ha

ch
in

g
er

 e
t 

al
.

21
1

Jo
m

ed
 

7.
8

6.
7

.7
6

20
24

.4
4

29
20

0.
15

16
%

7%
0.

07
(6

7)
Jo

st
en

t
B

uc
hb

in
d

er
 e

t 
al

.
40

0
B

o
st

o
n 

9.
0

8.
2

.8
6

23
.5

15
.6

.0
55

34
.9

23
.3

0.
04

—
—

—
(6

8)
Sc

ie
nt

ifi
c 

Sy
m

b
io

t
St

o
ne

 e
t 

al
.

24
3

Jo
m

ed
 

10
.5

7.
0

.3
5

21
.8

14
.2

.1
5

39
.2

27
.9

0.
14

20
.3

%
10

.5
%

0.
09

(6
9)

Jo
st

en
t

P
TF

E
, p

o
ly

te
tr

af
lu

o
ro

et
hy

le
ne

.



trials can be broken down into two types: those sponsored
by industry for the purpose of achieving approval by the
U.S. FDA for marketing of a new stent (68–70) and those
sponsored by investigators for academic purposes. 

The FDA-approval trials were powered to demonstrate
noninferiority of the new stent design to the predicate
stent. All incorporated an angiographic follow-up sub-
study. Ten of the twelve industry sponsored approval trials
used the Palmaz-Schatz stent as the control stent. For the
most part, these trials involved stent implantation of a sin-
gle de novo focal lesion in a native coronary artery (the
type of simple stenosis amenable to treatment with the
Palmaz-Schatz). As seen in Table 24.6, the trials conducted
for FDA approval demonstrated noninferiority in all cases
(except for the GR-II and PARAGON stents, which demon-
strated statistically significantly greater rates of clinical and
angiographic restenosis; 38,71). Once receiving FDA
approval, newer, more advanced stent designs typically
replaced earlier-generation stents in the marketplace
because of enhanced deliverability and/or radiopacity,
rather than because of any perception of improved acute or
late outcomes.

In contrast to the FDA approval trials, the investigator-
driven studies tended to enroll more complex real-world
patients and lesions with fewer exclusion criteria. This is an
important issue, as enrollment of complex lesions may be
required to detect otherwise modest differences between
stents (72). One trial randomized five stent types within
the framework of the same study (73). Table 24.7 displays
the results of the seven studies in which two stents were
randomized in head-to-head fashion, generally demon-
strating superior clinical and angiographic outcomes with
thin strut stents. Thus, these clinical investigations collec-
tively demonstrate that stent design may matter in more
complex lesions, but the overwhelming superiority of
drug-eluting stents dwarf any design-specific differences in
bare metal stent design. 

STENT IMPLANTATION TECHNIQUE

Achieving optimal stent outcomes requires operator skill in
guide catheter, guidewire, and stent selection and usage (see
Chapter 22). Understanding the utility of adjunctive imag-
ing and physiologic lesion assessment catheters (e.g.,
intravascular ultrasound [IVUS], fractional flow reserve; see
Chapters 18 and 19), lesion modification devices (e.g.,
atherectomy, thrombectomy), and distal protection devices
(see Chapter 23) is also critical to optimizing stent results.
Perhaps most important, however, intimate knowledge is
required regarding the appropriate indications for stent
implantation versus alternative medical therapy or surgical
revascularization, identification and treatment of high-risk
patients and lesions, appropriate use of adjunct pharma-
cotherapy, and the recognition and management of stent-
related complications (see Chapters 3 and 22).

Technical Aspects of Coronary 
Stent Implantation

Guide Catheter and Guidewire Selection

Optimal guide catheter selection is critical for the successful
completion of most stent procedures and requires the oper-
ator to consider prior to the beginning of the case the amount
of backup support required and the luminal dimensions of
the guide to accommodate the devices likely to be used.
Stenting of noncomplex lesions is typically performed
through 6 French guiding catheters. Smaller-diameter
guides, however, provide reduced backup support, a disad-
vantage that may necessitate active guide catheter manipu-
lation (deep guide intubation), a technique that is usually
safe when performed by experienced operators, although it
may occasionally result in proximal coronary dissection
requiring placement of additional stents.

If significant guide catheter backup support is antici-
pated (e.g., fibrocalcific or tortuous vessels, distal lesions,
or chronic total occlusions), or simultaneous delivery of
multiple stents or use of atherectomy devices is planned,
larger-dimension guiding catheters (typically 7F or 8F for
greater passive support) or specialized shapes (e.g., Extra-
Back Up or Voda shapes for the left coronary artery, and
hockey stick or Amplatz shapes for the right coronary
artery and saphenous vein grafts) should be chosen. Larger
guiding catheters may also be required for stenting of
bifurcation lesions (see below).

Floppy wires should be used for most stent implant pro-
cedures, although at least medium shaft support is required
to advance most stents (see Chapter 22). A second parallel
(“buddy”) wire may be placed alongside the wire being
used to deliver the stent when difficulty advancing the stent
over an extra-support wire is still encountered.

Stent Selection and Techniques to Optimize
Acute and Long-Term Outcomes

Optimal stent selection and implantation technique will
minimize procedural complications, reduce the risk of stent
thrombosis, and enhance long-term freedom from resteno-
sis. Key issues include selection of the appropriate stent
(including its diameter and length), implantation pressure,
the decision whether to predilate versus direct stent, and
whether to postdilate or implant additional stents to achieve
an optimal result (Table 24.8). Balloon-expandable rather
than self-expanding stents are almost universally used for
coronary applications, given their simplicity and accuracy in
positioning. Open cell designs are generally more trackable
than closed cell stents and may be favored in tortuous ves-
sels where conformability on bends is important or when
stenting across bifurcation lesions (to reduce the risk of side-
branch closure and preserve side-branch access). Closed cell
designs, in contrast, may be desirable when uniform or opti-
mal scaffolding is required, such as in ostial lesions.

502 Section VII: Interventional Techniques502 Section VII: Interventional Techniques
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The optimal pressure for stent implantation has been a
matter of some debate. Colombo first demonstrated that
high-pressure stent implantation techniques were impor-
tant to achieve optimal stent expansion and appose the
stent completely to the vessel wall. Although Colombo ini-
tially achieved these results with the use of adjunctive IVUS
imaging (74), acceptable results were also demonstrated
with moderate pressure implantation techniques without
IVUS imaging (75). In a randomized trial of high (mean
16.9 atm) versus moderate (mean 11.1 atm) pressure for
stent implantation in 934 patients, similar rates of stent
thrombosis and restenosis were observed (76). In contrast,
in a second randomized trial, routine high (17.0 atm) ver-
sus low (9.9 atm) pressure stent implantation resulted in
greater initial and 6-month follow-up minimal stent cross-
sectional areas (77).

Complete lesion coverage without edge dissections is
also believed to be important, eliminating inflow and out-
flow stenoses, thereby resulting in optimal flow conditions
and minimizing the risk of stent thrombosis. With optimal
stent implantation technique, this complication should
occur in no greater than 1% of patients (78). Implantation
of additional short stents may be required to cover edge
dissections and achieve optimal lumen dimensions,
thereby minimizing the risk of stent thrombosis (79).
Although routine high-pressure stent implantation and
high balloon-to-artery ratios will result in greater stent
expansion, and optimize late outcomes, care must be taken
to avoid edge dissections and perforation.

Intravascular ultrasound (see Chapter 19) may be help-
ful in measuring true (media-to-media) vessel size prior to
stent implantation and in evaluating how well the stent is

GUIDELINES FOR OPTIMAL STENT SELECTION AND IMPLANTATION
TABLE 24.8

1. Choose the optimal stent length.
A. Ensure adequate lesion coverage while avoiding excessively long stents, as stent length is a risk factor for periprocedural myonecrosis,

stent thrombosis, and restenosis (166–170).
B. Implant the stent from normal reference to normal reference if possible (starting 2 mm before and after the lesion shoulder), which will avoid

edge dissections (171). An edge dissection, unless mild, should be treated with an additional short (8–10 mm) overlapping stent (172).
C. In diffusely diseased vessels, a normal reference segment often cannot be identified. The most severe atherosclerotic segments

should be stented so there are no major inflow or outflow lesions to any stenosis. Spot stenting may be preferable to the “full metal
jacket” with bare metal stents (173,174).

D. For long lesions, use one long stent if possible. If multiple stents are required, they should overlap by �3 mm to ensure complete
lesion coverage, a technique that does not increase restenosis (175,176).

E. Modification for drug-eluting stents: Stent and lesion length are not as critical for restenosis, so more liberal use of long stents is
favored (62,63,177). Use 3–4-mm edge margins.

2. Choose the optimal stent diameter.
A. Size the stent diameter with a ratio of 1.0–1.1:1 to the distal reference vessel diameter.
B. If the vessel is tapering, a larger noncompliant balloon can then be used to more fully expand the proximal stent segments.
C. Be aware that within the same stent line, different-sized stents exist for different-diameter vessels (e.g., the six-cell Cypher for 2.5–

3.0-mm vessels, and the seven-cell Cypher for 3.5–4.0-mm vessels; 62). Oversizing stents designed for small vessels will lead to
inadequate scaffolding and possibly strut fracture.

3. Predilatation vs. direct stenting.
A. Direct stenting may be considered with bare metal or drug-eluting stents when guide catheter support is good to excellent. Lesions

not generally amendable for direct stenting include those with excessive vessel or lesion tortuosity or calcification, diffuse disease or
subtotal stenoses, bifurcations, acute myocardial infarction or chronic total occlusions (190–202).

B. If direct stenting is not feasible, predilatation should be performed with balloons undersized to the reference diameter by 0.5 mm,
and with length shorter than the lesion so as to not extend the length of stenosis requiring stenting. If this degree of predilatation
does not allow stent passage, larger and/or higher-pressure balloon inflations may be required.

4. Implant the stent at adequate pressure.
A. Most stents should be implanted at �12 atm.
B. Higher routine implantation pressures (16–18 atm or greater) are preferred by many to optimize stent expansion and are required in

fibrocalcific lesions. 
C. In diffusely diseased vessels, consider implanting the stent at 12–14 atm to avoid edge dissections, and then postdilate the stent at

higher pressures using a short noncompliant balloon positioned within the stent margins.
5. Strive for an optimal angiographic stent result, defined as:

A. A residual stenosis �10%
B. No edge dissection greater than NHLBI type A
C. TIMI grade 3 flow
D. Patency of all side branches �2.0 mm in diameter 
E. Absence of distal thromboemboli, perforation, or other angiographic complications with associated chest pain, electrocardiographic

changes, or hemodynamic instability

NHLBI, National Heart, Lung, and Blood Institute; TIMI, Thrombolysis in Myocardial Infarction.
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cient such that long-term outcomes will not be improved by
bare metal stent implantation. This is no longer relevant,
however, in the drug-eluting stent era.

Direct Stenting

Numerous randomized trials have been performed to deter-
mine the benefit of direct stent implantation (i.e., stenting
without predilatation; 90–97). These studies have demon-
strated that direct stenting is feasible in 28 to 72% of lesions,
resulting in use of fewer balloons, less contrast, and lower
fluoroscopy time, with equivalent early and late outcomes
compared with stenting after predilatation. Preliminary data
suggest that direct stenting does not impair the outcomes of
either sirolimus- or paclitaxel-eluting stent implantation
(98,99). Careful lesion selection is required, however, as
direct stenting in severe stenoses (especially if angulated or
calcific), may increase the risk of inappropriate stent posi-
tioning (from lack of visualization), and either vessel clo-
sure or stent embolization if the stenosis cannot be crossed
(which may occur in as many as 10% of attempts). Excessive
force should never be applied in trying to pass a stent across
a rigid, nondilated lesion; such efforts are likely to be unsuc-
cessful and increase the risk of stripping the stent from the
balloon. If guide support is adequate and the stent doesn’t
easily pass across the lesion, it should be carefully withdrawn

expanded. It may allow stent implantation in vessels that
otherwise appear too small and appropriate only for bal-
loon angioplasty (80). Seven large studies (five random-
ized trials and two carefully controlled studies comparing
outcomes in centers that used versus did not use IVUS)
have been performed, collectively demonstrating improved
outcomes with routine IVUS usage (Table 24.9; 81–87).
Nonetheless, IVUS is currently used in �10% of patients
undergoing stent implantation in the United States, a
reflection of the learning curve this technique requires
(compounded by frequently suboptimal image quality),
difficulties in incorporating the information IVUS provides
into treatment decisions, logistic issues, and lack of wide-
spread reimbursement. 

Like IVUS, physiologic lesion assessment (measurement
of either coronary flow reserve or fractional flow reserve
[FFR]) has utility during coronary stent implant procedures
(see Chapter 19). It may identify hemodynamically signifi-
cant borderline lesions by a fractional flow reserve of �0.75,
and may also be used to determine the adequacy of stent
implantation; an FFR of �0.95 correlates with an underde-
ployed stent by IVUS (88). In the FFR Post Stent Registry
(89), FFR was �0.95 in 36% of patients, �0.90 to 0.95 in
32%, �0.90 in 32%, and �0.75 in 1.5% of patients. FFR
may also be useful in provisional stenting to identify cases
where the results of balloon angioplasty alone are suffi-

506 Section VII: Interventional Techniques

RESULTS OF CONTROLLED TRIALS OF INTRAVASCULAR ULTRASOUND VERSUS ANGIOGRAPHIC
GUIDANCE OF BARE METAL STENT IMPLANTATION

TABLE 24.9

6–24-Month Target Lesion or 6-Month Binary 
Vessel Revascularization Angiographic Restenosis

Total N IVUS IVUS
Randomized/ Guided Control P Guided Control P

Enrolleda (%) (%) Value (%) (%) Value

CRUISE (84) 499 8.5 15.3 .02 — — —
SIPS (85) 269b 17 29 .02 29 35 .42
AVID (42) 759 8.1 12.0 .08c — — —
OPTICUS (43) 550 5.5d 5.8d NS 24.5 22.8 .68
RESIST (44) 155 — — — 22.5 28.8 .25
TULIP (86) 150 10 23 .018 23 46 .008

a CRUISE was a substudy of the STARS trial. Sites were assigned in nonrandomized fashion to no IVUS, documentary
(blinded) IVUS, or guided IVUS. This table represents the results of the documentary and guided IVUS arms.
b In SIPS, patients could undergo balloon angioplasty with or without stenting; approximately 50% of patients in
both groups received stents.
c Subgroup analyses demonstrated that IVUS guidance reduced the 12-month rates of target lesion revasculariza-
tion in saphenous vein grafts (20.4% vs. 5.7%, P �.05), in vessels �3.25 mm in diameter (14.6% vs. 7.9%, P �.04),
and in lesions with a baseline diameter stenosis of �70% preintervention (14.2% vs. 3.1%, P �.003).
d Hierarchical analysis, excluding patients with death or myocardial infarction during follow-up.
IVUS, intravascular ultrasound; CRUISE, Can Routine Intravascular Ultrasound Influence Stent Expansion?; SIPS,
Strategy for Intracoronary ultrasound-guided PTCA and Stenting; AVID, Angiography Versus Intravascular ultrasound-
Directed stent placement; OPTICUS, The OPTimization with ICUS to reduce restenosis; RESIST, REStenosis after
IVUS-guided Stenting Trial; TULIP, Thrombocyte activity evaluation and effects of Ultrasound guidance in Long
Intracoronary stent Placement.
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back into the guide catheter under fluoroscopic visualiza-
tion and the lesion predilated before an attempt to read-
vance the stent is made.

Role of Plaque Modification During 
Coronary Stent Implantation

Atherectomy Devices

The amount of plaque present prior to and after stent
implantation has been shown to be a strong determinant of
subsequent restenosis (100,101), leading to the hypothesis
that plaque debulking prior to stenting would enhance
event-free survival. Unfortunately, despite favorable pilot
series (102–104), two randomized trials have been unable
to demonstrate improved clinical or angiographic out-
comes with directional atherectomy prior to stent implan-
tation compared with stenting alone (105), although it may
still be useful in selected cases of stenting in left main,
ostial, or bifurcation lesions to reduce plaque shift and sub-
sequent side-branch compromise (106,107; see Chapter 23).

Similarly, the circumferential extent of calcium is a strong
determinant of inadequate stent expansion (108,109), and
pilot studies initially demonstrated greater stent dimensions
when stenting was preceded by high-speed rotational
atherectomy (109,110; Fig. 24.8). However, in the random-
ized SPORT trial of rotational atherectomy followed by
stenting versus stenting alone in �700 long and mildly calci-
fied lesions, rotational atherectomy prior to stent implanta-
tion resulted in slightly larger acute gain and postprocedural

minimal stent diameter, but failed to improve the 6-month
target vessel revascularization and angiographic restenosis
rates. Thus, rotational atherectomy prior to stenting is pri-
marily reserved for heavily calcified lesions or those resistant
to balloon crossing or predilatation. Similarly, the major
contemporary role for excimer laser angioplasty is for recal-
citrant lesions.

ADJUNCT PHARMACOTHERAPY

A thorough working knowledge of basic coagulation
hematology and the appropriate use of adjunct pharmaco-
logic regimens is essential to optimizing interventional
outcomes with stenting (see Chapter 3). Adjunct pharma-
cology should be viewed as a means to an end, a critical
component of the interventional procedure to safely allow
stents to be implanted without periprocedural or late
complications so they may provide long-term vessel
patency and freedom from restenosis. This section will
focus on the use of antiplatelet mediations before, during,
and after the procedure. These agents must be given in
addition to antithrombin drugs in any coronary interven-
tion, but are particularly important in placement of a
potentially thrombogenic metallic stent.

Aspirin and Thienopyridines

The necessity for aspirin in patients undergoing stent
implantation has never been formally tested, but given the

Figure 24.8 Rota-stenting. A long,
calcified stenosis is present in the
left anterior descending artery (top
left). Following rotational atherec-
tomy burr (top right), a smooth
lumen with significant residual steno-
sis is present (bottom left). Following
stent deployment, excellent expan-
sion is observed (bottom right).
Without rotational atherectomy pre-
treatment, stent passage and obtain-
ing full stent expansion would have
each been unlikely.



relative safety and track record of this inexpensive agent, its
use is considered mandatory. Though no dose-ranging tri-
als have been performed, expert consensus is that 325 mg
of aspirin should be administered at least 24 hours prior
to stent implantation, then daily indefinitely. There is
some evidence that hemorrhagic complications during the
follow-up period may be safely reduced by using an 81 mg
per day dose after patient discharge, though this has never
been validated in patients receiving drug-eluting stents.

The transition from the early anticoagulant-based stent
regimen—prolonged heparin and warfarin—to a dual
antiplatelet regimen consisting of aspirin and a thienopyri-
dine (which inhibits adenosine diphosphate [ADP]-
induced platelet activation) represents a seminal event in
the history of interventional cardiology. Four randomized
trials in large numbers of patients have definitively proven
that compared with prolonged anticoagulation, aspirin
and the thienopyridine agent ticlopidine results in reduced
rates of major adverse cardiac events (including stent
thrombosis and myocardial infarction), as well as hemor-
rhagic and vascular complications, thereby facilitating ear-
lier discharge (Fig. 24.4; 111–114). Ticlopidine results in
frequent side effects, however, including the development
of neutropenia and thrombocytopenia (rarely thrombotic,
thrombocytopenic purpura, which is often fatal), as well as
rash and dyspepsia (115). Clopidogrel is a congener of ticlo-
pidine which has a much lower incidence of side effects,
and therefore does not require routine monitoring of
hematologic indices, as does ticlopidine.

The relative safety and efficacy of ticlopidine and clopi-
dogrel (with or without a loading dose) were compared in
the Clopidogrel Aspirin Stent International Cooperative
Study (CLASSICS) in 1,020 patients undergoing bare metal
stent implantation (116). The primary endpoint, the com-
posite occurrence of major peripheral or bleeding compli-
cations, neutropenia, thrombocytopenia, or early discon-
tinuation of the study drug because of a noncardiac adverse
event at 28 days occurred in 9.1% of patients in the ticlopi-
dine group and 4.6% of patients in the clopidogrel group
(P � .005). Overall rates of major adverse cardiac events
were low and comparable between treatment groups (0.9%
with ticlopidine versus 1.3% with clopidogrel, P � NS).
These results were confirmed in two other randomized
comparative trials between the two agents (117,118). As a
result, clopidogrel has essentially replaced ticlopidine in patients
undergoing stent implantation because of its convenience and
more favorable side effect profile. Loading doses of 600 mg of
clopidogrel are also being used given a more rapid onset of
action, especially in patients in whom percutaneous coro-
nary intervention (PCI) will be performed within several
hours of receiving the medication (119,120). The decision
whether or not to use a clopidogrel loading dose in patients
in whom the coronary anatomy is not known (and who
therefore may be triaged to bypass graft surgery rather than
PCI for revascularization) is not trivial, as clopidogrel usage
within 7 days prior to surgery has been associated with

increased peri-operative bleeding requiring transfusion or
re-operation, prolonged stays in the intensive care unit and
increased costs (121). Finally, the weight of the evidence
also suggests that long-term outcomes may be improved by
a 9–12 month course of clopidogrel after stent implanta-
tion, especially in patients with acute coronary syndromes
(122,123), though not all investigators believe that the
long-term risk to benefit ratio of chronic clopidogrel use
has been verified (124).

Glycoprotein IIb/IIIa Inhibitors

Glycoprotein IIb/IIIa receptor inhibitors bind to the inte-
grin �2b�3 receptor on the platelet surface, thereby prevent-
ing the cross-linking of platelets by fibrinogen and vWF
(125). As such, glycoprotein IIb/IIIa receptor inhibitors
block the final common pathway of platelet aggregation
after their activation by a variety of agonists (thrombox-
anes, ADP, collagen, etc.). Three IIb/IIIa receptor antago-
nists are in clinical use: abciximab, which is a univalent
monoclonal chimeric antibody to the integrin receptor, and
the small-molecule agents tirofiban and eptifibatide, the
former a peptidomimetic tyrosine derivative and the latter a
cyclic heptapeptide. Two large-scale, prospective placebo-
controlled randomized trials have demonstrated that both
abciximab and double-bolus eptifibatide significantly
reduce periprocedural myonecrosis in patients undergoing
elective or urgent PCI with stent implantation (Fig. 24.9;
126,127), but failed to decrease restenosis (128).

In patients presenting with acute coronary syndromes
(unstable angina and non–ST-segment elevation myocar-
dial infarction), the upstream use of either tirofiban or epti-
fibatide, continuing though angiography and PCI when
appropriate, has been found to be effective in reducing
composite rates of death, myocardial infarction, and recur-
rent ischemia (129,130). Abciximab has also been tested
extensively in patients with acute myocardial infarction as
an adjunct to primary angioplasty and stenting, with vari-
able results. In CADILLAC, a total of 2,082 patients with
acute myocardial infarction were randomized to primary
balloon angioplasty versus stenting, with or without abcix-
imab (131). In patients receiving stents, abciximab reduced
the early rate of stent thrombosis (from 1.0% to 0%, P �.03)
and recurrent ischemia, with no impact on early or late
rates of death, reinfarction, restenosis, infarct artery reocclu-
sion, or myocardial recovery, and at the expense of modest
increases in bleeding and thrombocytopenia (132). 

COMPLICATIONS OF 
CORONARY STENTING

Stent Thrombosis

Subacute stent thrombosis is the most feared complication
of contemporary PCI. It occurs suddenly without preceding
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angina, most commonly between 1 and 4 days postproce-
dure (Fig. 24.10). In reported series, almost all patients with
stent thrombosis have sustained a myocardial infarction; 30-
day mortality rates ranged from 15 to 48% (78,133,134).
Risk factors for stent thrombosis include acute coronary
syndrome presentation (and possibly thrombus), smaller
postprocedural minimal luminal diameter, longer total

stent length, multivessel intervention, and persistent dis-
section. Late stent thrombosis (between 30 days and 2
years) may also occur in as many as 10% of patients who
receive a new stent after being treated with vascular
brachytherapy (135), and late thromboses have also been
reported with drug-eluting stents after discontinuation of
clopidogrel as long as 1 year after implantation (136).
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15%

Death MI Urgent 
revasc

Composite
adverse
events

Death MI Urgent 
revasc

Composite
adverse
events

Heparin alone (N = 1024)Heparin alone (N = 809)

Heparin + eptifibatide (N = 1040)Heparin + abciximab (N = 794)

P < .001

P < .002 P < .005
P < .001
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Figure 24.9 Thirty-day results of the EPISTENT and ESPRIT trials, in which patients undergoing
stent implantation were randomized to unfractionated heparin plus either a glycoprotein IIb/IIIa
inhibitor or placebo. MI, myocardial infarction. Revasc, revascularization. Note the significant reduction
in periprocedural myocardial infarction and the composite that includes myocardial infarction in both
studies (see also Chapters 3 and 22).

Figure 24.10 Subacute stent
throm-bosis 10 days after T-stenting
the bifurcation of the left circumflex
and its obtuse marginal branch (top
left). The lesion is crossed with a
hydrophilic guidewire and an infu-
sion catheter to establish extent of
thrombus and exclude passage under
stent struts (top center). The Possis
AngioJet (top right, see Chapter
23) is positioned distal to the bifur-
cation. Following aspiration with the
AngioJet, antegrade flow is restored
and filling defects are no longer
apparent (bottom left). However,
flow is decreased in the AV groove
portion of the bifurcation (arrow).
Kissing balloon angioplasty is per-
formed (bottom center), restoring
normal flow in both branches (bot-
tom right).
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Fortunately, the incidence of stent thrombosis has
markedly decreased as a function of improved stent design,
implantation technique, and improved adjunctive pharma-
cologic regimens. Stent thrombosis with the first Palmaz-
Schatz and Wallstent implants, using an antiplatelet and
anticoagulant regimen of aspirin, dipyridamole, and low–
molecular-weight dextran, occurred in as many as 16 to 20%
of patients (6,7,12). This prompted the addition of warfarin
therapy for 4 to 8 weeks, which reduced the incidence of
stent thrombosis to 3% after elective Palmaz-Schatz implan-
tation (12–14). High-pressure stent implantation, coupled
with the conversion to a dual antiplatelet-based regimen
(with aspirin and a thienopyridine; 19–22), resulted in stent
thrombosis rates being further reduced, currently occurring
in 0.5 to 1.0% of patients (78,133,134). Most stent throm-
boses occur within the first 30 days after stent implantation,
but roughly a 0.25% incidence of later stent thrombosis can
occur up to 1 year after stenting (particularly when dual
antiplatelet therapy is discontinued). As discussed below,
there has been some concern whether the incidence of early
or late stent thrombosis is increased with drug-eluting com-
pared to bare metal stents.

Stent thrombosis may be treated with emergency bal-
loon angioplasty or rheolytic thrombectomy (see Chapter
23), often in conjunction with administration of a glyco-
protein IIb/IIIa receptor antagonist (137). Intravascular
ultrasound will often reveal a possible cause of stent
thrombosis, such as stent underexpansion or malapposi-
tion, residual dissection, or significant inflow or outflow
stenosis, and is thus recommended after interventional
treatment (138). In the absence of a mechanical cause,
hematologic evaluation should be performed to exclude a
hypercoagulable state (including resistance to aspirin or
clopidogrel) or thrombocytosis. 

Restenosis

Restenosis is most commonly defined as renarrowing to a
diameter stenosis �50%, either within the stent or within
5 mm proximal or distal to the stent margin. The frequency
of restenosis after bare metal stent implantation is �20%
overall, rising to �40% in certain subsets of patients. Three
clinical and angiographic risk factors for restenosis that
have been uniformly identified are small reference vessel
diameter, long lesion (or stent) length, and medically
treated diabetes mellitus (138). By IVUS imaging, a small
minimal stent area is also a powerful independent deter-
minant of restenosis (139–141). 

Restenosis occurring within the stent is almost exclu-
sively attributable to smooth muscle hyperplasia combined
with elaboration of extracellular matrix. Although this pro-
liferative response peaks at 8 weeks in animal models, ser-
ial angiographic and angioscopic studies in humans demon-
strate that the greatest proliferation occurs between 1 and 6
months, with only a small fraction of stents exhibiting fur-
ther narrowing between 6 and 12 months (142–144).

Thereafter, the proliferating smooth muscle cells are
replaced by relatively inactive fibrosis, often with a slight
increase in the minimal luminal diameter. This transfor-
mation of the neointima from active proliferation to a qui-
escent, fibrotic matrix also explains the extremely low inci-
dence (�2%) of target site revascularization observed
clinically after 1 year (16,145). The two exceptions when
continuing late lumen loss, restenosis and target lesion
revascularization may occur for years after the stent
implantation are after vascular brachytherapy (wherein
normal healing processes are impaired; 146), and possibly
after stenting in saphenous vein grafts (147). Restenosis
may also occur at the edges of the stent at the site of bal-
loon injury, typically owing to negative vessel remodeling
rather than to neointimal growth (148).

In contrast to stent thrombosis, restenosis presents most
commonly as stable angina, though if ignored may progress to
unstable angina or (rarely) acute myocardial infarction (149).
More than half of patients with angiographic restenosis (usu-
ally those with a diameter stenosis of �70%) are asympto-
matic (150). In the absence of spontaneous or exercise-
induced ischemia, the prognosis of asymptomatic patients
with silent in-stent restenosis managed medically may be
excellent (151). Revascularization is indicated, however,
when symptoms recur or ischemia is demonstrated.

The interventional management of bare metal stent
restenosis typically consists of repeat balloon angioplasty,
which has a high (�98%) procedural success rate and low
risk of complications. Since the metallic struts are not typi-
cally re-exposed to blood elements, thienopyridine adminis-
tration is not necessary. The rates of recurrent restenosis after
balloon angioplasty for in-stent restenosis have ranged from
�10% to �80%, depending on the length of the lesion.
Mehran et al. described an angiographic classification of the
pattern of bare metal in-stent restenosis, which has proven
useful for predicting the response to treatment (152):

Focal (�10 mm long), 42% of cases 
Diffuse (�10 mm long, confined within the stent), 21% 
Proliferative (�10 mm long, extending beyond the mar-

gin), 30% 
Totally occlusive, 7%. 

Following repeat PCI, the recurrent target lesion revas-
cularization rates at 1 year rose progressively with the in-
stent restenosis class (from 19% to 35% to 50% and to
83%, respectively). In-stent restenosis recurring within 3
months of the initial procedure also portends a high rate of
subsequent restenosis after repeat angioplasty (153).

Treatment of in-stent restenosis with the cutting bal-
loon or other force-focused device (see Chapter 22) may
be useful in that it minimizes balloon slipping and affords
a better initial angiographic result (requiring fewer bal-
loons and less restenting), although long-term outcomes
are similar compared with balloon angioplasty without
cutting (154). Prior studies of debulking with directional
or rotational atherectomy (155–157), laser angioplasty
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(158–161), or restenting with bare metal stents (162) have
not yielded results clearly superior to balloon angioplasty
alone (see Chapter 23).

The delivery of intracoronary radiation with either beta
or gamma sources has been demonstrated to further reduce
recurrent restenosis by an additional 30 to 70% after bal-
loon angioplasty treatment of in-stent restenosis (163–166;
Table 24.10). However, in addition to logistic complexities
(the need for coordination with a radiation therapist, physi-
cist, and safety officer), plus additional shielding and costs,
new issues that have surfaced with this therapy include
severe recurrent restenosis at the margins of the radiation
field (the so-called edge effect, possibly owing to geo-
graphic miss; 167–169) and late stent thrombosis (which
can usually be prevented by prolonged [1 year] clopidogrel
use and avoiding implanting new stents into the fresh radi-
ation field [170]). In the GAMMA-1 trial, all of the early
benefit of vascular brachytherapy was lost by 4 years (171).
Thus, despite the fact that intracoronary radiation has been
approved by the FDA for the treatment of bare metal stent
restenosis (the only such therapy approved for this purpose), sim-
pler, safer, and more effective approaches to this common problem
are required.

Drug-eluting stents may prove to be the optimal
approach for bare metal stent restenosis. Both sirolimus-
eluting and paclitaxel-eluting stents (see below) further
reduced clinical and angiographic restenosis in patients
with bare metal stent restenosis in a 300-patient single-
center randomized trial (172). In a small study in which
consecutive series of 44 and 43 patients with in-stent
restenosis were treated with balloon angioplasty plus
brachytherapy and sirolimus-eluting stents, respectively,
the drug-eluting stent (DES) had similar safety and efficacy
compared with intracoronary radiation therapy at 9 months

follow-up (173). Two pivotal randomized trials of sirolimus-
eluting and paclitaxel-eluting stents compared with vascu-
lar brachytherapy in patients with restenosis of bare metal
stents have recently been completed. No studies have yet
been reported examining the outcomes following repeat
PCI for restenosis in DES.

Other Complications of Coronary 
Stent Implantation

A review of all complications that can occur during or after
PCI is beyond the scope of this chapter (see Chapters 3 and
22). However, several risks that are unique to or are
increased in frequency with coronary stenting compared
with balloon angioplasty should be appreciated. 

Side-Branch Occlusion 

Side-branch compromise after stent implantation most com-
monly results from the so-called snowplow phenomenon—
shifting of plaque during stent deployment or high-pres-
sure dilatation (though coronary spasm may contribute).
The incidence of side-branch compromise after coronary
stent implantation is greater than after balloon angioplasty
(174–176). In the early experience with the Palmaz-Schatz
stent, a 5% incidence of acute branch occlusion was noted
when the stent was placed across a side branch �1 mm in
diameter (174). This risk is increased to 20% or greater
when both the parent vessel and side branch are involved
(177). Stent-induced occlusion of a large side branch may
result in significant myocardial ischemia and infarction,
though in most patients the long-term prognosis is excel-
lent, and most initially occluded side branches are patent at
late angiographic follow-up (175,176).

EFFICACY OF VASCULAR BRACHYTHERAPY IN REDUCING RECURRENT RESTENOSIS AFTER
TREATMENT OF BARE METAL STENT IN-STENT RESTENOSIS

TABLE 24.10

Duration
(months) of
Clinical and

Total N Brachytherapy Angiographic Brachytherapy Control P Brachytherapy Control P
Randomized Source Follow-up (%) (%) Value (%) (%) Value

SCRIPPS (163) 55 Gamma 12 and 6 15 48 .01 17 54 .01
GAMMA-1 (164) 252 Gamma 9 and 9 32.4 55.3 .01 31.3 46.3 .01
WRIST (165) 131 Gamma 12 and 6 33.8 67.6 �.001 22 60 .0001
Long WRIST (165a) 120 Gamma 12 and 6 39.0 61.7 �.05 45 73 �.05
START (166) 476 Beta 8 and 8 17.0 26.8 .02 28.8 45.2 .001
INHIBITa 332 Beta 9 and 9 20 37 .025 26 52 �.0001
BRITE-IIb 423 Beta 9 and 9 25 43 .02 29.0 49.7 .002

a Waksman R, Raizner AE, Yeung AC, et al.  Use of localised intracoronary beta radiation in treatment of in-stent
restenosis: the INHIBIT randomised controlled trial. Lancet 2003;359:551–557.
b Waksman R, for the BRITE II Investigators. Balloon-based radiation for coronary in-stent restenosis: 9-month
results from the BRITE II study.  Presented at the meeting of the American College of Cardiology, Chicago, IL, 2003.

Target Lesion or Vessel
Revascularization

Binary Angiographic
Restenosis



Side-branch occlusion should be anticipated whenever a
stent is placed across a bifurcation. If the side branch is
large (�3.0 mm in diameter), or is �2.5 mm in diameter
and diseased at its ostium, it should be protected with a sec-
ond guidewire prior to PCI. If the origin of the branch is
narrowed, it should also be predilated prior to stent
implantation in the main branch. Although this is most
commonly performed with balloon angioplasty, alterna-
tives include use of the cutting balloon or debulking tech-
niques with atherectomy, though this approach has not
been clearly shown to preserve side-branch patency beyond
that achieved by balloon angioplasty alone. Once the side
branch is protected with a second wire (and predilated if
necessary), a stent may be placed in the main vessel across
the branch origin, temporarily “jailing” the wire. This usu-
ally preserves patency of the side branch should occlusion
otherwise occur and serves as a locator for the side-branch
origin. If additional angioplasty is planned, a third wire
should then be passed through the stent struts into the nar-
rowed side branch, after which the jailed wire is removed.
The likelihood of a jailed wire becoming “stuck” is rare if
the parent vessel stent is implanted at �12 atm of pressure,
but jailing a long segment of wire in the parent vessel
should be avoided, and hydrophilic wires should be used
cautiously because of the risk of stripping the polymer coat-
ing on its withdrawal. Alternatively, if there is minimal nar-
rowing at the origin of the side branch at baseline or after
balloon dilatation, a stent may be placed in the main vessel
across the side-branch origin with the option of wiring it
should it narrow after stent placement.

If the side branch significantly narrows after predilata-
tion of either limb of the bifurcation, or the result is not
acceptable after predilatation (which typically depends on
the plaque burden, extent of calcification, and angle or ori-
gin of the side branch from the parent), a second stent
should be implanted in the side branch using one of
numerous techniques (178; see Bifurcation Lesions,
below). With all these dual-stent techniques, however, the
subacute thrombosis rate is increased compared with a sin-
gle-stent approach, and the restenosis rate within the sec-
ond stent at the side-branch origin is increased compared
with the main branch (even with drug-eluting stents). As
such, the single-stent strategy is preferable if an acceptable
balloon-only result in the side branch cannot be obtained. 

Stent Embolization 

Stent embolization from the stent delivery system may
occur during antegrade passage in a fibrocalcific or tortuous
vessel, or upon withdrawal of the device after failure to
cross a lesion (often when the edge of the stent snags on the
tip of the guide catheter). Risk factors for stent embolization
include heavy vessel calcification, pronounced vessel tortu-
osity, diffuse disease, and attempting to deliver a stent to a
distal lesion through a previously implanted proximal

stent (179). When the original Palmaz-Schatz stent was
hand-mounted on a conventional angioplasty balloon
and no sheath was used, stent embolization occurred in
8.4% of patients (12). Over the years, the development of
tighter stent-to-balloon crimping processes in concert with
lower-profile, more flexible devices has resulted in the inci-
dence of this complication decreasing to �1 to 2%
(180–181). Stent embolization into the peripheral vascula-
ture usually has no adverse clinical sequelae, but may
rarely cause limb ischemia or a cerebrovascular event.
Conversely, intracoronary stent embolization is associated
with significant rates of coronary thrombosis, coronary
artery occlusion, and subsequent myocardial infarction,
with mortality rates as high as 17%. If the stent can be
removed nonoperatively, survival has been reported in
�96% of patients (180,183). 

If the guidewire is still across the stent and has been
maintained in the distal coronary artery, a low-profile bal-
loon may be placed back through the stent, allowing it to
be repositioned across the target lesion and expanded. If
the stent cannot be repositioned, the balloon can be
placed distal to the stent and inflated to trap the stent
between the balloon and guiding catheter, withdrawing all
components together into the femoral sheath. If guidewire
position has been lost and the unexpanded stent is
located in a proximal portion of the coronary artery or has
embolized into a peripheral artery, it may be removed
using a variety of forceps or snare devices. If displaced
from the wire or more distal, a series of wires can be
wrapped around it to ensnare it. Alternatively, a second
stent may be expanded adjacent to the dislodged stent to
trap it against the vessel wall, effectively excluding it from
the lumen.

Success rates for percutaneous retrieval of lost stents
from the coronary tree have been reported in 47 to 71% of
patients in contemporary series (181–183). If the stent
cannot be removed or effectively “excluded” from the coro-
nary lumen, strong consideration should be given for coro-
nary artery bypass surgery, though high mortality rates
have been described in his situation.

Coronary Perforation

Although the routine use of high-pressure postdilatation
improves stent expansion, the significant barotrauma
imparted to the vessel may result in frank perforation (see
Chapter 3; 184). In a retrospective analysis, Ellis and col-
leagues documented a 0.5% incidence of perforation
among 12,900 procedures (185). From most contempo-
rary series with stents, perforation has been reported in 0.2
to 1.0% of patients, though mild perforations are likely
under-reported. Risk factors for perforation include female
gender, advanced age, lesion calcification and angulation,
chronic total occlusions, and adjunctive atherectomy use
(185). Device oversizing is also a risk for perforation;
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Colombo reported that the use of markedly oversized bal-
loons (balloon-to-artery ratio �1.2 in the absence of IVUS
guidance) has a risk of perforation and vessel rupture rang-
ing from 1.2 to 3.0% (18).

An angiographic classification of the severity of coronary
artery perforation has proven useful in determining progno-
sis and guiding treatment (185). A type I or concealed perfo-
ration is the most common type, and usually requires no
specific therapy. As delayed tamponade may occasionally
occur, however, observation for 24 hours is warranted. A
type II or limited perforation usually appears as a stain or
blush at the site of the arterial tear, and can usually be man-
aged with prolonged balloon inflation with or without
reversal of anticoagulation. Echocardiography postproce-
dure and 24 hours later to ensure the absence of a growing
pericardial effusion is prudent in type II perforations.
Patients with a history of prior bypass surgery usually have
extensive mediastinal adhesions, and perforations are rarely
greater than type II. Type III or freeflowing perforations typ-
ically appear with continuous jetlike dye extravasation and
may rapidly result in hypotension and tamponade requir-
ing emergency pericardiocentesis. When a type III perfora-
tion is visualized, the angioplasty balloon should urgently
be passed across the coronary rupture to obtain immediate
hemostasis.

Most small perforations can be sealed with prolonged
balloon inflations and reversal of UFH anticoagulation
with protamine, unless a platelet glycoprotein IIb/IIIa
receptor antagonist has been given (186). If the perfora-
tion is not readily closed with these measures and is severe,
deployment of PTFE-covered stents provides reliable seal-
ing, usually obviating the need for emergency surgery
(61,62). Given their porous nature, two overlapping PTFE-
covered stent grafts may occasionally be required for
hemostasis. If a stent graft is unable to be delivered to the
site of the perforation, emergency surgery is usually
required, though the associated rates of morbidity and
mortality in this setting are high. 

Infectious Endarteritis

Placement of a foreign body endovascular prosthesis car-
ries the theoretical risk of bacterial endarteritis. In an
experimental porcine model, following the induction of
transient bacteremia, a significant number of recently
placed coronary stents cultured positive for bacteria (187).
The risk of suppurative endarteritis in stented coronary
arteries is extremely rare, however, with only a handful of
documented cases in the literature (188–190). Although
periprocedural antibiotic therapy is thus not routinely rec-
ommended, antibiotic prophylaxis may be considered if
sterile technique has been breached or if the patient
requires invasive procedures associated with transient bac-
teremia during the first 4 weeks following stenting, though
the utility of this approach has never been shown.

RESULTS OF STENTING COMPARED
WITH SURGICAL REVASCULARIZATION

As seen in Table 24.11, nine randomized trials have been
published in which 4,061 patients have been randomized
to bare metal stent implantation versus coronary artery
bypass graft surgery (191–202). Five of these trials com-
pared multilesion stenting with surgery in patients with
multivessel disease, whereas four examined the outcomes
of stent implantation versus bypass with a left internal
mammary artery in patients with isolated disease of the
proximal left anterior descending coronary artery.
Although the results of these trials varied slightly from
study to study, there were no differences in the 6-month
to 3-year rates of death, myocardial infarction, or
stroke between the two approaches, though repeat
revascularization procedures were more common with
stent-supported PCI. In one study in which patients
with isolated lesions in the proximal left anterior
descending artery underwent repeat angiography 6
months after being randomized to stenting versus mini-
mally invasive surgery, in-stent restenosis was present in
33% of stented patients whereas a diameter stenosis of
�50% in a graft (usually a the distal anastomosis) was
observed in 18% of bypassed patients (P � .05; 200).
Quality of life measures during convalescence were simi-
lar with the two strategies, and long-term total costs were
generally lower with stenting rather than surgery, despite
the greater number of repeat procedures (194).

Thus, in most patients with either single or multivessel
disease, bare metal stent implantation provides similar
results to coronary artery bypass graft surgery in terms of
freedom from death, myocardial infarction, and stroke,
though recurrent angina and repeat revascularization pro-
cedures are more common with PCI. Long-term quality of
life is similar, however, with the two approaches, and stent-
ing is somewhat less expensive in the short and long term.
Of note, however, these trials have excluded patients with
left main disease and other highly complex lesions for PCI,
severely depressed left ventricular function, and prior
bypass surgery. Whether bypass graft surgery prolongs sur-
vival compared with PCI in patients with diabetes mellitus
is still an open question. Several large-scale randomized
trials of drug-eluting stents versus surgery are now under-
way to determine whether the enhanced freedom from
restenosis with these bioactive devices translates into
equivalent event-free survival with the two revasculariza-
tion modalities.

DRUG-ELUTING STENTS

Bare metal stents eliminate acute and chronic vascular
recoil and remodeling and also reduce restenosis com-
pared with balloon angioplasty. However, bare metal stents
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induce more arterial injury and subsequently greater
neointimal hyperplasia than balloon angioplasty. The con-
cept of blunting the degree of neointimal hyperplasia by
various intravenous or orally administered compounds
was investigated for this purpose, but proved ineffective in
humans despite promising results in preclinical animal
models (203,204). This was likely due to the inability to
achieve high enough local arterial drug concentrations
without invoking excessive systemic toxicity. Thus the con-
cept of the local delivery of bioactive agents was evaluated
with a series of drugs delivered to the site of arterial injury
after PCI, using a variety of porous angioplasty balloons
(205). These attempts also failed to reduce neointimal
hyperplasia, (206,207), owing to poor delivery or retention
rates of the bioactive compound in the arterial wall (208)
or excessive barotrauma-induced vascular injury (209). To
overcome these limitations, drug-eluting stents emerged as
a way to ensure the extended release of a high concentra-
tion of a biologic agent to the vessel wall during the critical
30-day initial healing period. The demonstration that
drug-eluting stents can safely reduce angiographic and
clinical restenosis compared with bare metal stents has
radically altered treatment paradigms of patients with
coronary artery disease, representing a true revolution in
the field of medicine.

Components of a Drug-Eluting Stent 

Drug-eluting stents consist of three components: a bioactive
agent to reduce neointimal hyperplasia; a drug carrier vehicle
designed to control the local dosing and delivery of the
drug; and the stent platform to scaffold the lumen and phys-
ically deliver the drug to the vessel wall in an appropriate
distribution. The optimization of each component and
their integration are critical to ensure the safety and effi-
cacy of these devices. Numerous drugs have been investi-
gated for this purpose, which may broadly be classified as

anti-inflammatory and/or immunomodulatory agents,
antiproliferative agents, inhibitors of smooth muscle cell
migration or extracellular matrix production, or promoters
of healing and re-endothelialization (Fig. 24.11). Many
compounds have multiple mechanisms of action.

Various approaches to permit controlled drug elution
have been developed and are undergoing investigation
(Table 24.12). As described below, the two proven drug-
eluting stents load and release their bioactive agents from
encapsulated, elastomeric nonerodable biostable poly-
mers. In many respects, formulating and optimizing the
drug carrier vehicle has proven even more complex than
identifying and evaluating the drug itself. Properties that
must be considered for a controlled release vehicle
include its biocompatability, solubility, diffusivity and
porosity, molecular size, weight and distribution, elonga-
tion, functional requirements, degradation products,
durability, relative hydrophobicity, purity, availability,
adhesion, crystallinity, sterilization, solvent solubility,
biostability, miscibility, bioabsorbable versus permanent
nature, evaporation rate, thermal properties, resistance to

Anti-Inflammatory, 
Immunomodulators Antiproliferative

Smooth Muscle Cell 
Migration Inhibitors, 
Extracellular Matrix 

Modulators

Promoters of Healing 
and

Re-Endothelialization

Sirolimus 
(and analogs) 

Paclitaxel, taxane 
Dexamethasone
M-prednisolone 
Interferon g-1b

Leflunomide
Tacrolimus 

Mycophenolic acid 
Mizoribine

Cyclosporine
Tranilast
Biorest

Sirolimus 
(and analogs) 

Paclitaxel, taxane 
Actinomycin D 
Methothrexate 

Angiopeptin
Vincristine

Mitomycine
Statins

CMYC antisense 
RestenASE
2-Chloro- 

deoxyadenosine
PCNA ribozyme

Batimastat
Prolyl hydroxylase 

inhibitors
Halofuginone
C-proteinase 

inhibitors
Probucol

BCP671
VEGF

Estradiols
Nitric oxide donors 

Endothelial progenitor 
cell antibodies 

Biorest 
Advanced coatings

Many agents have 
multiple actions

Figure 24.11 Bioactive agents that have
undergone preclinical evaluation for their
antirestenotic properties for drug-eluting
stents. Compounds may be roughly classified
as possessing primarily anti-inflammatory or
immunomodulatory properties, acting princi-
pally as an antiproliferative agent, inhibiting
smooth muscle cell migration or extracel-
lular matrix production, or promoting re-
endothelialization and healing. Many com-
pounds, however, overlap and have multiple
functions. PCNA, proliferating cell nuclear
antigen; VEGF, vascular endothelial growth
factor.

POTENTIAL DRUG CARRIER VEHICLES
TABLE 24.12

• Direct applications to the stent (surface modification)
• Nondegradable polymer sleeves
• Encapsulated, nonreactive, elastomeric nondegradable polymer
• Encapsulated, nonreactive, elastomeric bioabsorbable polymer

(with or without polymer-drug conjugates)
• Phosphorylcholine coatings
• Ceramic and other novel coatings 
• Polymers embedded within the stent geometry
• Stent grafts (e.g., PTFE)
• Polymer-based or metallic-erodable bioabsorbable stents

PTFE, polytetrafluoroethylene.



humidity and temperature extremes, compatibility with
specific drugs, approval for implant use, processability
(which relates to shelf life), and packaging requirements.

Finally, the stent itself is an essential component. Stent
geometry must be optimized for homogeneous drug distri-
bution (which involves considerations of closed versus open
cell designs, interstrut distances, etc.). Circumferential stent
to vessel wall contact must be ensured to ensure drug deliv-
ery. As a result, the stent must be conformable to angulated
segments, while at the same time minimizing geometric dis-
tortion. The stent should also have sufficient radiopacity to
facilitate precise lesion coverage (while avoiding excessive
stent overlap or interstent gaps). Side-branch access should
be maintained. The stent must be low profile, flexible, and
deliverable to reach and treat complex anatomies.

Lessons from Failed Drug-Eluting 
Stent Programs

Several drug-eluting stent programs have failed or shown
clinical results that were only marginally better than bare
metal control stents. Valuable lessons have been learned
from these unsuccessful attempts, three of which will be
briefly reviewed here, including the consequences of using
the wrong drug, the wrong platform, or the wrong release kinetics.

The first drug-eluting stent was the Quanam QuaDDS
stent, consisting of the paclitaxel derivative 7-hexanoyl pacli-
taxel (QP2, or taxane), loaded onto multiple polymer sleeves
mounted on the stainless steel QueST stent. A very large dose
of taxane was loaded onto each stent (4,000 
g on a 17-mm
stent), and the pivotal SCORE trial (210) was halted prema-
turely owing to markedly higher rates of myocardial infarc-
tion (11.9% versus 2.1%, P � .002) and stent thrombosis
(3.2% versus 0%, P � .049) at 1 and 6 months compared
with a bare metal control stent. At 1 year, patients receiving
this stent had higher rates of cardiac death (4.0% versus 0%,
P � .02), myocardial infarction (19.% versus 2.1%, P � .001),
and stent thrombosis (10.3% versus 0.7%, P � .001), with
similar rates of target vessel revascularization (19.8% versus
23.6%, P � .55). In retrospect, a combination of factors con-
tributed to the untoward outcomes with this device, includ-
ing the excessive vasculotoxic doses of taxane; the use of a
proinflammatory polymer delivery vehicle; and the poly-
meric sleeves that physically covered side branches. 

The Guidant Tetra-D stent eluting the cell cycle inhibitor
actinomycin-D from a biostable polymer was evaluated in
the multicenter, prospective ACTION trial (211). In this
study, 357 patients were randomized to one of two actino-
mycin-D dose formulations (2.5 or 10 
g/cm2) or a bare
metal control stent. At a median angiographic follow-up
time of 5.3 months, both the extent of late loss (mean 0.76
versus 1.01 and 0.93 mm, respectively) and binary resteno-
sis (14% versus 26% and 28%, respectively) were greater in
the two actinomycin-D arms. Similarly, major adverse cardiac
events at 1 year were increased with actinomycin-D, driven
by markedly increased rates of target lesion revascularization

with similar rates of death and myocardial infarction. In
retrospect, the adverse clinical responses to this stent may
have been predicted by the suboptimal results of preclinical
porcine studies.

Even an effective drug may yield negative results with
incorrect dosing or release kinetics. Paclitaxel has thus been
applied directly to stainless steel stents using a proprietary
surface modification process, and has been tested in a series
of pilot and pivotal randomized trials (212–214). In the
ELUTES trial, 190 patients were randomized to the Cook
V-Flex Plus stent with escalating doses of paclitaxel (0, 0.2,
0.7, 1.4, and 2.7 
g/mm2 stent surface area). Among these
five groups, both the angiographic late loss (mean 0.73,
0.71, 0.47, 0.47, and 0.11%, respectively, P � .002) and
binary restenosis rates (20.6, 20.6, 14.3, 13.5, and 3.2%
respectively, P � .056) at 6 months decreased progressively,
though there were no differences in target lesion revascular-
ization or event-free survival (212). In the ASPECT trial, 178
patients with discrete coronary lesions underwent implanta-
tion of paclitaxel-eluting Cook Supra-G stents (low-dose,
1.3 
g/mm2, or high-dose, 3.1 
g per mm2) or control
stents. Comparing the bare metal with the low- and high-
dose formulations, there was a progressive reduction in
binary angiographic restenosis at 6 months (27% versus
12% versus 4%, respectively, P � .001), late lumen loss
(mean 1.04 versus 0.57 versus 0.29 mmm, respectively,
p � 0.001), and intrastent neointimal volume determined by
IVUS (mean 31 versus 18 versus 13 mm3, P � 0.001) (213).

These promising angiographic results led to the pivotal
DELIVER trial, in which 1,043 patients with focal de novo
coronary lesions were randomized to paclitaxel-coated
Guidant Penta stents (3.0 
g paclitaxel/mm2 stent surface
area applied using the Cook surface modification process)
or bare metal control Penta stents, followed by aspirin for 1
year and clopidogrel for at least 3 months. At 8-month
angiographic follow-up, only a modest reduction in in-stent
late loss (mean 0.81 versus 0.98 mm, P � .0025), and only
weak trends for binary angiographic restenosis (14.9% ver-
sus 20.6%, respectively, P � .076) and target lesion revascu-
larization (8.1% versus 11.3%, respectively, P � .09) were
present (214). No differences were present in the rates of
cardiac death, myocardial infarction, or stent thrombosis
between the two groups. Thus, although this stent was safe
and exhibited mild antirestenotic properties, it was not
nearly as effective as the TAXUS paclitaxel-eluting stent (29),
which uses a durable polymer to ensure the consistency of
dosing and release kinetics from the stent. These contrary
results with two different drug-eluting stents using the same
antiproliferative compound emphasize the importance of
the control release vehicle.

Proven Drug-Eluting Stents I: Sirolimus
Elution from a Durable Polymer

Sirolimus (rapamycin) is a highly lipophilic, naturally
occurring macrocyclic lactone, which was first isolated
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from Streptomyces hygroscopicus found in a soil sample from
Easter Island (also known as Rapa Nui) and was initially
developed as an antifungal agent. Shortly thereafter, it
became apparent that this agent also was a potent immuno-
suppressive, and was initially approved by the Food and
Drug Administration (as Rapamune) for prevention of renal
transplant rejection in 1999. Marx and colleagues noted that
sirolimus inhibits smooth muscle cell proliferation and
migration (215,216), resulting in its development as an
antirestenotic agent (217). It works by binding to the intra-
cellular cytosolic receptor FK-506-binding protein (FKBP12),
with the sirolimus–FKBP12 complex interacting specifically
with mTOR (the mammalian Target Of Rapamycin), to
upregulate the cyclin-dependent kinase inhibitor p27kip1 and
other regulatory proteins, and thereby prevent cell cycle pro-
gression past the late G1 phase. By inhibiting smooth muscle
cell migration and proliferation, sirolimus has been shown
to reduce neointimal hyperplasia after mechanical injury in
rats and porcine coronary arteries without evident toxicity.
Chemical derivatives of rapamycin, including ABT-578 and
everolimus, have all shown antirestenotic effect in human
drug-eluting stent trials and are expected to enter clinical
practice in the United States in 2007 or beyond. Given the
limited current data and time to market release, the remain-
der of this section will focus on sirolimus.

The Cypher stent (Cordis Johnson & Johnson) consists of
sirolimus (140 
g/cm2) incorporated within an amalgam of
two biostable polymers (thickness approximately 5 
m)

coated on the 316L stainless steel Bx Velocity stent. The
fast-release Cypher stent elutes �80% of the drug within
15 days, but the clinical slow-release version includes a top-
coat of polymer only without drug to act as a diffusion bar-
rier, thus retarding drug elution (total polymer thickness
approximately 10 um, �80% drug released over 28 days). 

Human experience with the Cypher stent was first
reported from the First-In-Man (FIM) study initiated in
1999 in 45 patients (218). Remarkable suppression of in-
stent neointimal hyperplasia was observed with both the
slow- and fast-release Cypher stent. Serial angiography and
intravascular ultrasound has now been performed at
4 years, with continued vessel patency without further late
loss (216; Figs. 24.12 and 24.13).

Six randomized trials have been performed to date com-
paring the slow-release Cypher stent to the bare metal Bx
velocity control (Table 24.13; 28,220–227). Collectively,
these trials demonstrate that the Cypher stent results in a
near abolition of in-stent late loss (averaging approximately
0.15 mm across studies), with an approximate 70 to 80%
reduction in angiographic restenosis and clinical recurrence
(target lesion revascularization) rates within 1 year com-
pared with the bare metal control stent. In addition, the
Cypher stent proved safe, with similar rates of death,
myocardial infarction, and stent thrombosis found in the
control and treatment arms. In the SIRIUS trial, 1,058
patients with a single de novo nonoccluded coronary steno-
sis 15 to 30 mm long with reference vessel diameter of 2.5 to

Figure 24.12 Long-term results from one of the first patients to receive a sirolimus-eluting stent
in the early Sao Paulo experience. A high-grade stenosis in the proximal left anterior descending
artery is stented with a single 3.0-mm sirolimus-eluting stent. Serial angiography shows sustained
vessel patency with minimal late loss over a 4-year period.



requiring) compared with those without diabetes (228).
Such concerns have diminished with the results of subse-
quent studies, however, including the recently reported
dedicated DIABETES trial (229), in which the 9-month in-
stent late loss was 0.66 mm with the Bx Velocity versus
0.08 mm with the Cypher (P � .0001). 

Proven Drug-Eluting Stents II: Paclitaxel
Elution from a Durable Polymer 

Paclitaxel, a highly lipophilic diterpenoid compound, was
first isolated in 1963 from the pacific yew tree (Taxus brevi-
folius) and developed for its potent antineoplastic proper-
ties. Its principal action is to interfere with microtubule
dynamics, preventing their depolymerization. This leads to
widespread dose-dependent multicellular activity: antipro-
liferative and anti-inflammatory properties, reduced
smooth muscle migration, blocking of cytokine and
growth factor release and activity, interference with secre-
tory processes, antiangiogenic effects, and impaired signal
transduction (230). At high doses, paclitaxel produces
mitotic arrest in the G2/M phases of the cell cycle and pro-
motes apoptosis. At low doses (similar to those in drug-
eluting stent applications), however, paclitaxel affects the
G0-G1 and G1-S phases (G1 arrest), resulting in cytostasis
without cell death (probably via induction of p53/p21
tumor suppression genes; 230,231). Moreover, paclitaxel
inhibits smooth muscle cell proliferation at 10% of the
concentration required for endothelial cells (230).

The TAXUS stent (Boston Scientific) consists of pacli-
taxel contained within a polyolefin derivative biostable
polymer coated originally on the NIR stent, but currently
on the Express stent platform (soon to transition to the
Liberté stent). Depending on the relative weight of pacli-
taxel to polymer, the stent may be formulated as slow
release (SR; relatively more polymer to drug, coat thickness
18 
m, approximately 8% in vivo paclitaxel elution in 30
days), moderate release (MR; 7 
m coat thickness, approx-
imately 22% paclitaxel elution in 30 days), or fast release
(4 
m coat thickness, approximately 50% paclitaxel elu-
tion in 30 days). The paclitaxel concentration is 1 
g/mm2

of stent surface (i.e., 108 
g on a 16-mm stent) for all for-
mulations. The drug is eluted in a rapid-burst phase over
the initial 48 hours, followed by a slow, sustained release
for the next 10 to 30 days, with the remainder sequestered
permanently in the bulk of the polymer matrix. In a series
of porcine experiments at 30, 90, 180, and 360 days
involving a total of 350 swine and 800 stents, both the
slow and moderate rate release TAXUS stent formulations
were shown to be vasculocompatible, with early develop-
ment of a thin, mature neointima with low levels of
inflammation, microthrombi. and peristent amorphous
material deposition; no evidence of cytotoxicity; and with
complete healing and endothelialization within 90 days,
similar to both control bare metal or polymer-only coated
stents (data on file, Boston Scientific).

518 Section VII: Interventional Techniques

3.5 mm were randomized to the Cypher or bare metal Bx
Velocity stents (28,223,224), with 3 months of postproce-
dure clopidogrel. The primary end point of target vessel fail-
ure at 9 months was reduced with the Cypher from 21 to
8.6% (P � .001). Target lesion revascularization rates at
9 months were reduced from 16.6 to 4.1% (P � .001).
Subacute stent thrombosis was rare and occurred with simi-
lar frequency in the two groups (0.4% with Cypher versus
0.8% with the Bx Velocity). Follow-up angiography at
8 months in 703 patients demonstrated marked reductions
in in-stent late loss (from mean 1.00 to 0.17 mm, P � .001),
in-segment late loss (mean 0.81 versus 0.24 mm, P � .001),
and binary in-stent and in-segment restenosis (35.4% versus
3.2%, and 36.3% versus 8.9%, respectively, both P � .001).
When restenosis did occur, the lesions were typically focal in
nature (mean length 9.1 mm with Cypher versus 14.8 mm
with Bx Velocity, P � .001; 221). Late coronary aneurysms
were infrequent in both groups and not increased with
sirolimus. By IVUS, the in-stent percent volumetric obstruc-
tion at 8 months was reduced from 33.4% with the Bx
Velocity to 3.1% with the sirolimus-eluting stent (P � .001).
However, IVUS showed late stent malapposition in 9.7% of
Cypher patients versus 0% of Bx velocity patients (P � .02).
Clinical and angiographic efficacy were present across a
broad range of patient and lesion subtypes.

In April 2003, the Cypher became the first drug-eluting
stent approved by the Food and Drug Administration in
the United States. Follow-up thus far has been reported to
2 years, demonstrating sustained efficacy (Fig. 24.11), in
contradistinction to the narrowing in event-free survival
already seen with vascular brachytherapy during this time
interval (171). Subsequent randomized trials performed in
Europe (225) and Canada (226) reproduced or surpassed
these results in smaller vessels. These trials have also
shown that direct stenting (without predilatation) is feasi-
ble with the Cypher stent in selected lesions and does
not adversely impact late outcomes. Moreover, in SIRIUS,
questions arose whether the Cypher was somewhat less
effective in patients with diabetes (especially insulin

Figure 24.13 Two-year freedom from target lesion revascular-
ization after randomization of 1,055 patients to either a sirolimus-
eluting stent or bare metal Bx Velocity stent. The marked early
benefit of the drug-eluting stent is maintained at 2 years, with no
evidence of loss of effect with long-term follow-up.
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The clinical safety and efficacy of the TAXUS stent has
been tested in seven randomized TAXUS trials (29,232–238).
TAXUS I, II, and III evaluated the TAXUS stent on the NIR
platform in focal lesions, whereas TAXUS IV, V, and VI
investigated the TAXUS Express stent in more complex
lesions with longer-term follow-up. The results of the com-
pleted randomized TAXUS trials enrolling patients with de
novo lesions in native coronary arteries appear in Table
24.14. Collectively, these trials show a marked decrease of
binary restenosis rates, an approximately 70 to 75% reduc-
tion in the need for target lesion revascularization com-
pared with the bare metal control stents, with no increased
risks of death, myocardial infarction, or stent thrombosis.

In the pivotal prospective, randomized, double-blind
TAXUS IV study, 1,314 patients with single de novo lesions
with visually estimated length of 10 to 28 mm in native
coronary arteries with reference diameter 2.5 to 3.75 mm
were assigned to either a TAXUS SR stent or bare metal
Express stent control (29,238). Six months of postproce-
dure clopidogrel was prescribed to all patients. 

At 9 months, the primary end point of target vessel revas-
cularization was reduced with TAXUS from 12.0 to 4.7% 
(P � .001). Target lesion revascularization rates at 9 months
were reduced from 11.3 to 3.0% (P � .001). Subacute throm-
bosis was rare and occurred with similar frequency in the two
groups (0.6% with TAXUS versus 0.8% with the Express).
Follow-up angiography at 9 months demonstrated marked
reductions in in-stent and analysis segment late loss (from
mean 0.92 to 0.39 mm, and 0.61 versus 0.23 mm, respec-
tively, both P � .001), and binary in-stent and in-segment
restenosis (24.4% versus 5.5%, and 26.6% versus 7.9%,
respectively, both P � .001). Restenotic lesions were typically
focal in nature with TAXUS (mean length 9.8 mm versus
15.3 mm with Express, P � .001). Late coronary aneurysms
were infrequent in both groups and not increased with pacli-
taxel. By IVUS, the in-stent percent volumetric obstruction at
8 months was reduced from 29.4% with the bare metal
Express to 12.2% with the paclitaxel-eluting stent (P � .001).
Late stent malapposition at 9 months was present in 1.1% of
TAXUS patients versus 2.2% of Express patients (P � .62).
Clinical and angiographic efficacy was present across a broad
range of patient and lesion subtypes, in particular, in patients
with both insulin-requiring and oral-mediation-treated dia-
betes, in whom clinical and angiographic restenosis rates
were similar to the nondiabetic population. In March 2004,
the TAXUS SR stent became the second drug-eluting stent
approved by the Food and Drug Administration in the
United States. Follow-up thus far has been reported to
2 years, demonstrating sustained efficacy (Fig. 24.14).

Comparison of Cypher and TAXUS 
Stent Performance

The pivotal TAXUS IV and SIRIUS trials demonstrate that
both TAXUS and Cypher stents are safe and markedly
effective in reducing clinical and angiographic restenosis

compared with their bare metal counterparts. Though the
TAXUS stent has slightly greater in-stent late loss than
Cypher, in-segment segment late loss is similar between
the two stents, with no major differences in target lesion
revascularization rates. Similarly, though most studies have
demonstrated greater rates of late incomplete stent apposi-
tion with Cypher than TAXUS, to date this observation
does not seem to be of clinical consequence, though the
numbers of patients studied with this phenomenon are
too small to exclude low-frequency events. Only appropri-
ately powered head-to-head trials can answer these ques-
tions. One small randomized trial (202 patients) in native
coronary lesions found no difference in clinical outcomes
between the two devices (239), whereas a second small
trial in 200 patients with bare metal in-stent restenosis
found enhanced results with the Cypher (172). 

The REALITY trial randomized 1,386 patients (240)
with 1911 native coronary de novo lesions �15 mm long
and reference diameter 2.25 to 3.00 mm to receive either
Cypher or TAXUS stents. Despite a lower in-lesion late loss
with Cypher (0.04 versus 0.16 mm, P � .001), there was
no significant difference in either binary angiographic
restenosis (9.6% versus 11.1%, P � NS) or clinically driven
target lesion revascularization (TLR, 5.0% versus 5.4%).
This trial did suggest a trend toward less stent thrombosis
with the Cypher stent, but that pattern has not been borne
out in other series or meta-analyses (see below).

Unsettled Issues: Drug-Eluting Stent Failure
and Stent Thrombosis 

Restenosis After Drug-Eluting Stent Implantation

Given the efficacy of drug-eluting stents, it is now some-
what surprising to see an in-stent restenosis (treatment of
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Figure 24.14 Two-year freedom from target lesion revascular-
ization after randomization of 1,314 patients to either a paclitaxel-
eluting stent or bare metal Express stent. The early clinical benefit
achieved by 9 months is maintained late, and in fact is shown by a
slight further spreading of the curves between 1 and 2 years.
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which previously accounted for nearly 10% of interven-
tional volume). It should be realized, however, that real-
world performance of drug-eluting stents is not quite as
impressive as what was seen in randomized trials that were
largely restricted to de novo coronary lesions with moderate
lesion length and visually estimated reference diameter
between 2.5 and 3.75 mm. In clinical practice, restenosis rates
have been higher after implantation of drug-eluting stents in
more complex lesions that were excluded from these trials,
exceeding 10%. In the RESEARCH registry, treatment of in-
stent restenosis, ostial lesions, diabetes, longer stent length,
smaller vessel reference diameter, and non–left anterior
descending artery lesions were reported to be independent
predictors of restenosis after sirolimus-eluting stents (241). In
a large single-center experience with sirolimus-eluting stents
in complex lesions from Milan, the only predictor of target
vessel revascularization was diabetes (242). Restenosis is also
increased after drug-eluting stent implantation when used in
patients with prior restenosis of bare or drug-eluting stents,
especially in the setting of prior brachytherapy (243,244).

The reasons why drug-eluting stents fail in some
patients are unknown, but several possible explanations
have been offered. Lack of full stent expansion continues
to be a predictor of restenosis, even with drug-eluting
stents (245,246). Moreover, some stents are not completely
opposed, which intuitively might limit drug delivery to the
vessel wall, especially at branch points or side-branch ostia
(247,248). Calcification may theoretically impede penetra-
tion of an active proliferative agent directly, or by resulting
in nonuniform strut distribution (249). Edge restenosis
may occur due to incomplete lesion coverage, axial plaque
translation, or balloon trauma outside the stented seg-
ment, with or without residual dissection. Sirolimus-
resistant cells have been identified that may contribute to
restenosis (250), as may Cypher strut fracture (251).

Doubtless multiple causative mechanisms contribute to
restenosis after drug-eluting stent implantation in individ-
ual patients and lesions, and a greater understanding of
these failures will be required to guide the development of
more efficacious devices.

Few reports are available to guide further therapy when
restenosis does occur in drug-eluting stents. In one series of
24 patients with 27 post-Cypher restenoses (focal in 93%),
repeat intervention was performed with additional drug-elut-
ing stents in 86% of patients (half Cypher and half TAXUS),
11% were treated with balloon angioplasty, and 3% with a
bare metal stent (252). The recurrent restenosis rate was
42.9%, but was 18.2% in originally de novo lesions with a
single Cypher restenosis, re-treated with drug-eluting stents.
In 17 lesions re-treated with drug-eluting stents, the recurrent
restenosis rate was 29.4%, with no significant differences
between repeat sirolimus-eluting and paclitaxel-eluting
stents (33.3% versus 25.0%, respectively, P � 1.0). Predictors
of recurrent restenosis included hypercholesterolemia, previ-
ous angioplasty, failed brachytherapy, Cypher restenosis
within 6 months, and treatment with balloon dilatation;
restenotic lesion length, of interest, was not a predictor.

Practical recommendations for the treatment of drug-
eluting stent restenosis are presented in Fig. 24.15. For
focal restenotic lesions (the most common type), treat-
ment with balloon angioplasty (preferably with the cutting
balloon to reduce balloon slippage and the need to
restent) or placement of an additional short drug-eluting
stent is reasonable. IVUS can help exclude strut fracture,
lack of expansion, incomplete apposition, or other
mechanical causes of restenosis. If marked underexpansion
is seen with little tissue proliferation, balloon angioplasty
with a larger or higher-pressure balloon may be the most
appropriate treatment. Whether diffuse, proliferative, or
occlusive restenosis of a drug-eluting stent should be

Focal (edge)

Drug-eluting stent restenosis

Diffuse, proliferative,
or occlusive

Focal (body)

Beyond
the stent

Within
the stent

Short DES Short DES or
balloon angioplasty

(cutting balloon preferred)

≤ 15 mm long > 15 mm long

Repeat DES
(same or different)

Repeat DES
(same or different

or
bypass graft surgery

or
brachytherapy
as a last resort IVUS recommended

Figure 24.15 An algorithm for
the treatment of restenosis after
drug-eluting stent (DES) implanta-
tion. IVUS, intravascular ultrasound.
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treated with repeat drug-eluting stenting (with the same or
a different stent), vascular brachytherapy, or surgery is
unknown. It is unlikely, however, that balloon angioplasty
alone will be effective in this situation.

Drug-Eluting Stent Thrombosis

Shortly after approval of the sirolimus-eluting stent in the
United States, concerns arose regarding a potentially
increased rate of stent thrombosis compared with bare
metal stents, despite a 3-month course of clopidogrel
(253). Although most episodes of stent thrombosis occur-
ring shortly after the device approval could be ascribed to
poor mismatch between vessel and lesion diameter and
length (reflecting the initial uneven availability of the full
range of stent lengths and sizes) and off-label device usage
in complex anatomies (254), concern remains that drug-
eluting stents may be slightly more thrombogenic than
their bare metal counterparts. Though the carefully con-
trolled randomized trials have found similar rates of
stent thrombosis in the control and treatment arms
(Tables 24.13 and 24.14), no study has been adequately
sized and powered to appropriately address this issue with
real-world applications of drug-eluting stents, with the addi-
tional risks of incomplete patient compliance with anti-
platelet agents. Modest-sized registries of drug-eluting stent
use outside of carefully controlled trials have reported short-
term thrombosis rates of approximately 1%. In a series of
2,229 patients undergoing sirolimus- and paclitaxel-eluting
stent implantation at two centers, the mean stent thrombosis
rate at a mean time of 9.3 months was 1.3% (255). However,
the stent thrombosis rate was significantly increased in sev-
eral high-risk subsets, including thrombotic lesions (2.0%),
diabetics (2.6%), bifurcation lesions treated with two stents
(3.5%), unprotected left main disease (3.2%), in patients
with renal insufficiency (5.5%), prior brachytherapy (8.7%),
and those with left ventricular dysfunction.

Stent thrombosis may also occur many months after implan-
tation of a drug-eluting stent. In patients with bare metal
stents treated with a dual anti-platelet regime, thrombosis
typically occurs within 2 weeks postprocedure and has
rarely been described beyond 1 month (except after con-
comitant exposure to coronary irradiation; 135). In con-
trast, stent thrombosis after drug-eluting stent implantation
has been reported to occur both intraprocedurally (256)
and after 6 to 12 months with both Cypher and TAXUS
stents (136). Patients may be especially at risk for early or
late stent thrombosis following premature discontinuation
of prescribed antiplatelet medications, especially following
elective surgery (136,257). Thus, the optimal duration for
dual antiplatelet therapy after drug-eluting stent implanta-
tion, weighing the benefits versus the costs and complica-
tions, is a matter of ongoing debate.

A propensity for increased stent thrombosis with drug-
eluting compared with bare metal stents might be explained
by thrombogenicity of the drug or the polymer (including

localized hypersensitivity reactions), vascular toxicity or
lack of vessel healing (including delayed endothelializa-
tion), or polymer webbing that serves as a nidus for platelet
and thrombus deposition. Late stent malapposition, which
is seen more commonly with the Cypher stent than with
the TAXUS stent, has thus far not been related to stent
thrombosis (222). Current large single-center studies and
meta-analysis of published data, however, do not presently
suggest a difference in stent thrombosis between Cypher ver-
sus Taxus stents (257a, 257b).

Nonetheless, a wide variety of stent designs, polymers,
and drugs are now or will soon be tested to reduce the
thrombogenicity of drug-eluting stents and the long-term
reliance on thienopyridine therapy. These include the
development of less toxic agents; drugs or other approaches
to promote vascular healing (such as endothelial progeni-
tor cell capture technology); the addition of thromboresis-
tant drugs on the stent surface (such as heparin, bivalirudin,
or glycoprotein IIb/IIIa inhibitors); the formulation of
thromboresistant polymers; and the development of bioab-
sorbable polymers and stents. Until these approaches are
proven, dual antiplatelet therapy for at least 3 to 6
months will remain an integral part of drug-eluting stent
implantation.

CLINICAL OUTCOMES OF CORONARY
STENTS: A PATIENT- AND 
LESION-SPECIFIC ANALYSIS

Stenting After Failed Balloon Angioplasty

Stents may be used either on a routine (planned) basis,
selectively to improve a suboptimal angioplasty result (pro-
visional stenting), or after failed balloon angioplasty for
acute or threatened vessel closure (bailout stenting). One of
the major benefits of stenting is the ability to prevent or
definitively reverse abrupt closure owing to dissection and
recoil, thus virtually eliminating the need for high-risk
emergency bypass surgery (258; see Chapter 22). The out-
comes of stent implantation in this emergent setting, how-
ever, may not be as favorable as with routine, planned stent
implantation. In the 518-patient multicenter registry of the
Gianturco-Roubin FlexStent as treatment for acute or threat-
ened vessel closure (local dissection, reduced antegrade
flow, or clinical evidence of ongoing ischemia) conducted
from 1988 through 1991, although 95% of patients were
successfully stented, 7.7% of patients with frank closure
(and 2.7% of those with threatened closure) still required
surgery, and there was an 8.7% incidence of stent thrombo-
sis, particularly in smaller (�2.5 mm) stents (9). Moreover,
numerous randomized trials (as discussed below) have
demonstrated that routine stent implantation provides
superior acute results and greater event-free survival com-
pared with balloon angioplasty in almost every patient and
lesion subtype studied to date, relegating balloon dilation



to the rare lesion that is too small (�2.25 mm) for stenting,
to which a stent cannot be delivered because of excessive
vessel tortuosity or calcification, or patients in whom
thienopyridines are contraindicated.

Stenting has also been shown to be superior to repeat
balloon angioplasty in patients who have developed
restenosis after balloon angioplasty. PCI in these patient is
associated with a higher restenosis than after a first-time
intervention, even after correction for confounding factors
such as diabetes mellitus or small reference vessel diameter
that might have predisposed to the original restenosis (259).
In the Restenosis Stent Study (REST), 383 patients with prior
restenosis were randomized to either balloon angioplasty or
implantation of the Palmaz-Schatz stent (260). The stent
group demonstrated reductions in angiographic restenosis
(18% versus 32%, P � .03) and subsequent target vessel
revascularization (10% versus 27%, P � .001) compared
with treatment with repeat balloon angioplasty. 

Stress/Benestent Lesions

The utility of routine stent implantation as a modality to
reduce acute vessel closure and late restenosis was first
demonstrated in randomized trials that enrolled patients
undergoing PCI of discrete, focal lesions. The two such piv-
otal trials that resulted in approval of the Palmaz-Schatz
stent in the United States were the Stent Restenosis
Study (STRESS; 14) and the Belgium Netherlands Stent
(Benestent-I) study (13), and the stenoses studied in these
investigations (discrete de novo lesions, with reference ves-
sel diameter 3.0–4.0 mm, coverable by a single stent) have
subsequently become known as Stress/Benestent lesions to
differentiate them from more complex stenoses. Additional
randomized trials of stenting versus balloon angioplasty for
focal, discrete lesions have subsequently been published
(261–269), and collectively these six trials have established
beyond doubt that the implantation of bare metal stents
provides superior acute angiographic outcomes, reduced
long-term angiographic restenosis rates, and enhanced late
event-free survival compared with balloon angioplasty,
results that are sustained for at least 5 years (Table 24.15).
These trials also confirmed that the incremental reduction
in angiographic restenosis with stents was achieved conse-
quent to the ability of the stent to provide a larger acute
lumen than balloon angioplasty—the strongest predictor
of freedom from restenosis was a large post-treatment
lumen diameter, and once post-treatment lumen diameter
was incorporated into the statistical model of restenosis,
there was not any independent effect attributable to the
stent itself (25,265). This paradigm has now been modi-
fied with the advent of drug-eluting stents, which com-
pared with bare metal stents result in similar acute lumi-
nal dimensions but reduced late loss, further reducing
angiographic and clinical restenosis even in the focal
lesions in large vessels such as those enrolled in Stress and
Benestent-I.

Real-World Stenting

The results of the Stress and Benestent studies resulted in
global widespread usage of coronary stents (especially after
the validation of the safety and efficacy of thienopyridine-
based anticoagulant regimens), including the treatment
of lesions not studied in the early randomized trials.
Subsequent registries have demonstrated that only 7 to 20%
of patients treated in the real world with coronary stents
would have qualified for stent implantation in these early
trials and that the clinical outcomes with bare metal stents
in more complex lesions were inferior to those in Stress and
Benestent trials (266). In particular, clinical and angio-
graphic restenosis rates after bare metal stent implantation
have been found to be increased in patients with diabetes
mellitus and in those with small vessels and long lesions.
Other lesion subtypes often associated with increased stent
restenosis are chronic total occlusions, ostial lesions, and
bifurcation stenoses. As reviewed below, randomized trials
have now been performed comparing bare metal stents with
balloon angioplasty in most complex lesion subsets, in
almost all cases confirming distinct superiority of stent
implantation. Moreover, data are now emerging that drug-
eluting stents may further reduce clinical and angiographic
restenosis in complex patients and lesion subtypes.

Stent Implantation in Small Vessels

Bare metal stents result in greater acute lumen gain than
balloon angioplasty, but also greater late lumen loss
(averaging 0.8 to 1.0 mm, an amount that is similar or
increased in small compared with large vessels (267–268).
As a result, restenosis rates are increased after stent implan-
tation in small vessels, a function primarily of the smaller
postprocedural minimal luminal diameter achieved. Thus,
whereas stents reduce restenosis by approximately 25 to
30% in vessels �3.0 mm in diameter (Table 24.15), con-
cern has been expressed that stenting in smaller vessels may
not improve outcomes compared with balloon angioplasty.

To date, 13 randomized trials of stenting versus balloon
angioplasty in 4,383 patients undergoing PCI of small
vessels have been performed, with the outcomes summa-
rized in a recent meta-analysis (269; Fig. 24.16). The mean
reference vessel diameter was 2.32 mm and lesion length
10.1 mm. Diabetes mellitus was present in 28% of patients,
and 35% had unstable angina. A bare metal stent was used in
six trials, whereas a coated stent (heparin, silicon carbide, or
phosphorylcholine) was used in seven trials. Among patients
randomized to balloon angioplasty, crossover to stenting was
performed in 22.2% of patients. Though the results of the
individual trials varied somewhat, collectively these studies
demonstrated that bare metal stents reduce angiographic
restenosis and enhance event-free survival owing to greater
freedom from repeat target lesion and target vessel revascu-
larization compared with treatment with balloon angio-
plasty (Fig. 24.14). There is some debate, however, whether
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these results apply to the smallest vessels studied (reference
vessel diameter �2.25 mm; 270). Moreover, the results with
balloon angioplasty were similar to stents when an optimal
result was obtained (diameter stenosis �20%). Dedicated
small vessel stents as diminutive as 2.0 mm in diameter have
been developed with thinner struts and lower-profile deliv-
ery systems that may enhance stent delivery to distal lesions
in small coronary arteries, though it is unclear whether the
long-term outcomes are improved with these devices com-
pared with alternative therapies (271,272).

Drug-eluting stents have further improved the outcomes
of stent implantation in small vessels. In both the SIRIUS
and TAXUS IV trials, absolute target lesion revasculariza-
tion rates were reduced to the greatest extent in the tertile
of patients with the smallest vessels (28,29; Fig. 24.17). In

the Sirolimus-Eluting Stent in the Prevention of Restenosis
in Small Coronary Arteries (SES-SMART) trial (227), 257
patients undergoing stent implantation in lesions with ref-
erence vessel diameter �2.75 mm (mean 2.20 mm) were
randomized to the Cypher stent versus the Bx Velocity. The
sirolimus-eluting stent reduced the 8-month binary
restenosis rates from 53.1% with the bare metal stent to
9.8% (P � .001) and reduced the rate of target lesion revas-
cularization from 21.1% to 7.0% (P � .002). Thus, drug-
eluting stents have become the treatment of choice for
lesions in small vessels requiring PCI. The smallest drug-
eluting stents currently available, however, are 2.5 mm in
diameter, though 2.25-mm stents are undergoing clinical
investigation, and 2.0 mm (and smaller) drug-eluting
stents are under development.

40%
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20%

10%

0%
Death Myocardial 

infarction
Repeat

Revascularization
MACE Restenosis 

(N = 3,241)

Balloon angioplasty (N = 2.097)

Stent (N = 2.286)

OR = 0.81 (0.48−1.36)
P = NS

OR = 0.80 (0.58−1.11)
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P = .02
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P = .004

Figure 24.16 Results of a pooled
analysis of 13 randomized trials of
balloon angioplasty versus bare
metal stent implantation in small
vessels. Stenting resulted in mod-
est reductions in clinical and angio-
graphic restenosis, without signifi-
cantly affecting rates of death or
myocardial infarction. OR, odds
ratio; NS, not significant; MACE,
major adverse cardiac event.
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Figure 24.17 Both the paclitaxel-eluting and sirolimus-eluting stent improve outcomes in small as
well as large vessels compared with bare metal stents, as seen in these subset analyses from the piv-
otal U.S. TAXUS-IV and SIRIUS trials, respectively.
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Stent Implantation in Long Lesions

Lesion length and stent length have both been demon-
strated to be independent predictors of restenosis after
bare metal stent implantation (26,27,273,274); whether
excessive stent length in the absence of underlying athero-
sclerotic disease further increases restenosis beyond the
effect of lesion length is a matter of controversy. The
impact of lesion and stent length on restenosis is particu-
larly evident in small vessels (275). Cutlip and colleagues
also found total stent length was independently associated
with stent thrombosis, with an odds ratio of 1.2 for each
additional 10 mm of stent placed (81). 

Only one randomized trial has evaluated the relative
efficacy of bare metal stent implantation versus balloon
angioplasty in long lesions. In the Additional Value of NIR
Stents for Treatment of Long Coronary Lesions (ADVANCE)
trial, 288 patients undergoing PCI of a single coronary
lesion 20 to 50 mm long (mean 27 mm) in a native coro-
nary vessel 2.5 to 4.0 mm (mean 2.78 mm) in diameter, in
whom balloon angioplasty resulted in a diameter stenosis
�30% without significant dissection, were randomized to
either stenting with NIR stents or no additional treatment
(276). Routine stent implantation after optimal balloon
angioplasty in long lesions resulted in similar rates of
major adverse cardiac events at 30 days (3.4% versus 7.0%,
P � .17) and at 300 days (23.4% versus 23.1%, P � .98),
though the rate of angiographic restenosis was lower (27%
versus 42%, P � 0.02). 

The outcomes of stent implantation in long lesions may
be improved by the routine use of IVUS. In the TULIP trial,
150 patients undergoing elective stent implantation for
lesions �20 mm long were randomized to angiographic
versus IVUS guidance (86). The angiographic minimal
luminal diameter was larger in the IVUS-guided group
immediately postprocedure (mean 3.01 versus 2.80 mm,
P � .008) and at 6 months angiographic follow-up (mean
1.82 versus 1.51, P � .04), corresponding to a reduced binary
angiographic restenosis rate (23% versus 46%, P � .008.).
IVUS guidance also resulted in lower rates of target lesion
revascularization and major adverse cardiac events at 12
months (10% versus 23%, P � .018, and 12% versus 27%,
P � .03, respectively).

Fortunately, drug-eluting stents have markedly improved
late outcomes in patients undergoing stent implantation of
long lesions. Though lesion length remains a predictor of
restenosis with both paclitaxel-eluting and sirolimus-eluting
stents, the incremental increase in restenosis with additional
stent length is markedly blunted with drug-eluting com-
pared with bare metal stents (28). The only completed ran-
domized study to date of drug-eluting stents specifically in
long lesions is the TAXUS VI trial, in which 446 patients
with lesions between 18 and 40 mm (mean 20.6 mm) long
were randomized to the Express stent or the moderate-
release TAXUS stent. At 9 months, the TAXUS stent reduced
the rate of angiographic restenosis from 35.7% to 12.4

(P � .0001) and reduced target lesion revascularization rates
from 18.9% to 6.8% (P � .0001).

Stent Implantation in Patients 
with Diabetes Mellitus

Along with smaller reference vessel diameter and longer
lesions, the presence of diabetes mellitus (especially
insulin-requiring diabetes) is unequivocally associated with
increased clinical and angiographic restenosis rates after
balloon angioplasty or bare metal stent implantation (27),
related to smaller vessel size, greater negative remodeling,
and increased neointimal hyperplasia in diabetic compared
with nondiabetic vessels (277). The percent reduction of
restenosis with bare metal stents compared with balloon
angioplasty is similar in diabetic and nondiabetic patients
(278), with further reduction by drug-eluting stents. In the
TAXUS II, IV, and VI, trials, 458 patients had medically
treated diabetes (including 154 requiring insulin) and
1,831 did not have diabetes (279). Among patients in
whom bare metal stents were implanted, the 12-month tar-
get lesion revascularization rates in nondiabetic versus dia-
betic patients requiring oral hypoglycemic agents only to
insulin-requiring diabetics was 14.2% versus 21.4% versus
19.3%, respectively (P � .01). In contrast, the 12-month
rates of target lesion revascularization in the same three
groups of patients receiving the TAXUS stent were 4.6% ver-
sus 6.2% versus 5.6% (P � .67). Both Cypher and TAXUS
stents appear to be effective in reducing restenosis rates in
patients with diabetes mellitus, and studies examining their
relative efficacy in this challenging cohort are in progress.

Stent Implantation in Multivessel Disease

Multiple randomized trials have demonstrated that multi-
vessel balloon angioplasty compared with coronary artery
bypass graft surgery is associated with similar rates of sur-
vival (in all except possibly diabetic patients) and myocar-
dial infarction, but a significantly higher incidence of recur-
rent angina and need for repeat revascularization within the
first year (277; see also Chapter 22). As discussed above,
multivessel stent implantation has narrowed but not elimi-
nated this gap (Table 24.11). Multivessel implantation of
drug-eluting stents holds promise to equalize the subse-
quent rates of revascularization after PCI and surgery. In the
prospective, multicenter Arterial Revascularization Therapies
Study II (ARTS-II), the outcomes of 607 patients with mul-
tivessel disease who received multiple sirolimus-eluting
stents were compared with the bare metal stent and surgical
groups from the 1,205-patient randomized ARTS-I trial
(191,281). Though the ARTS-II cohort had significantly
more extensive atherosclerosis than in ARTS-I, the long-
term outcomes were significantly improved compared with
the ARTS-I bare metal stent group and were similar to the
ARTS-I surgery group (Table 24.16, Fig. 24.18).
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Other studies, however, have not been as favorable. In
contrast to the 6-month major adverse cardiac event rate after
multivessel Cypher implantation of 6.4% in ARTS-II, Orlic
et al. reported a 22.3% adverse event rate 6.5 months after

COMPARISON OF BARE METAL STENTS AND SURGERY IN ARTS-1 TO DRUG-ELUTING STENTS IN
ARTS-II IN PATIENTS WITH MULTIVESSEL DISEASE

TABLE 24.16

ARTS-1 ARTS-1 ARTS-II
Bare Metal (Crown) Stent Coronary Artery Bypass Graft Sirolimus-Eluting (Cypher) 

Implantation Surgery Stent Implantation 
N � 600 N � 605 N � 607

Diabetes 18.7% 15.9% 26.2%a,b

No. lesions per patient 2.8  1.0 2.8  1.0 3.6  1.3a,b

Type C lesions 7.5% 7.9% 13.9%a,b

No. stented lesions or 2.5  1.0 2.6  1.0 3.2  1.1a,b

anastomosed segments
No. stents implanted 2.8  1.3 — 3.7  1.5a

Total stent length 48  22 — 73  32a

MACCE at 30 days 9.2% 6.3% 2.8%a

6-month outcomes
Death 2.3% 1.8% 0.5%
Stroke 1.5% 1.2% 0.5%
Myocardial infarction 4.5% 3.5% 0.7%
(Re) surgery 3.8% 0.5% 1.6%
(Re)angioplasty 7.8% 2.0% 3.1%a

Repeat revascularization 15.3% 5.5% 2.7%a

MACCE 20.0% 9.0% 6.4%a

a P � .05 vs. ARTS-I stent implantation. 
b P � .05 vs. ARTS-I surgery.
MACCE, major adverse cardiac or cerebrovascular events: the occurrence of death, stroke, myocardial infarction,
angioplasty, or surgery.

Figure 24.18 In a series of trials spanning a decade from
1994–2004, the 180-day event-free survival of bypass surgery has
remained 91%. This was markedly superior to balloon coronary
angioplasty in CABRI (32% absolute difference) owing to the effect
of restenosis. In ARTS, this deficit improved to 11% with the use of
bare metal stenting. In the ARTS 2 trial, the event-free survival of
drug-eluting stents was actually superior to that of bypass by
2.6%. Although the patient groups are not exactly comparable, the
significant improvement in repeat revascularization with the drug-
eluting stents has shifted the balance further toward percutaneous
coronary intervention. 

implantation of a mean of 3.7 Cypher stents in a mean of 3.3
lesions in 155 patients (282). Target lesion revascularization
was required in only 6.7% of lesions, but in 14.3% of
patients. The higher adverse event rate in this study com-
pared with ARTS-II may be related to enrollment of more
complex patient and lesion cohorts. Two large-scale random-
ized trials comparing multivessel stenting with both Cypher
and TAXUS stents with bypass graft surgery (one restricted to
patients with diabetes mellitus) are currently ongoing.

Stent Implantation in Chronic Total Occlusions

Clinical and angiographic restenosis rates after both bal-
loon angioplasty and stent implantation are increased fol-
lowing PCI of chronic total occlusions compared with
nonoccluded stenoses, owing principally to an increased
incidence of diabetes, greater lesion length, plaque mass,
and calcification. Several randomized trials of bare metal
stent placement compared with balloon angioplasty have
been performed, which have uniformly demonstrated sta-
tistically significant reductions in angiographic restenosis
and reocclusion, benefits that translate to improved free-
dom from the need for repeat target vessel revascularization
for up to 6 years (Table 24.17; 283–287).

Nonetheless, restenosis rates remain high after bare
metal stent implantation in chronic total occlusions
(CTOs). Emerging nonrandomized data suggest that out-
comes may also be strikingly improved in these lesions
with drug-eluting stents. In a multicenter Asian registry in
which 88 patients with successfully recanalized CTOs were

528 Section VII: Interventional Techniques
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treated with sirolimus-eluting stents, the 6-month major
adverse cardiac event rate was only 4.5% (consisting of all
repeat target vessel revascularizations), and the angio-
graphic restenosis rate was 3.4% (288). Treatment of 48
chronic total occlusions with paclitaxel-eluting stents com-
pared with a historical matched series with bare metal
stents resulted in markedly reduced rates of angiographic
restenosis and reocclusion at 6 months (8.3% versus
51.1%, P � .001, and 2.1% versus 23.4%, P � .001, respec-
tively) and in major adverse cardiac events at 1 year
(12.5% versus 47.9%, P � .001; 289).

Stent Implantation in Aorto-ostial Lesions

True aorto-ostial lesions extend proximal to the coronary
ostia into aortic wall where abundant elastic fibers con-
tribute to elastic recoil and poor outcome after balloon
angioplasty (290). By resisting recoil, stents provide signifi-
cantly larger lumens and lower the risk of restenosis in this
lesion subset. Although randomized trials comparing stent-
ing with balloon angioplasty or atherectomy techniques as
treatment for aorto-ostial lesions have not been performed,
comparative registry series have demonstrated greater acute
gain and lower restenosis rates with stenting (291). Pre-
liminary data suggest that the outcomes of aorto-ostial
stenting may be further improved with drug-eluting stents
(292). Iakovou and colleagues compared the outcomes of
sirolimus-eluting stent implantation in 32 aorto-ostial
lesions with bare metal stent implantation in 50 aorto-ostial

lesions (293). At 10-month follow-up, the sirolimus-eluting
stent was associated with reduced rates of target lesion revas-
cularization (6.3% versus 28.0%, P � .01) and binary angio-
graphic restenosis (11% versus 51%, P � .001). 

Stent Implantation in Bifurcation Lesions

Atherosclerosis develops frequently at branch points owing
to turbulence resulting in high endothelial stress, and as a
result bifurcation lesions are present in 20% or more of
lesions undergoing angioplasty (178). PCI of lesions
involving a bifurcation of a coronary artery is associated
with increased procedural complications and poor long-
term outcomes, owing to recoil and plaque shifting at the
origin of the side branch. 

When the side-branch ostium is not diseased, the likeli-
hood of its narrowing after the main branch is stented is
low, and the side branch can be rescued by kissing balloon
inflation of the main vessel stent and side branch if it is
compromised. For true bifurcation lesions (atherosclerotic
involvement of both the parent and side branch), the major
decision is whether to undertake a provisional or dual-stent
strategy. With provisional stenting, the main vessel is stented
(often after optimal predilatation of the side branch), and
the side branch is dilated or stented only for a truly unac-
ceptable result (typically a diameter stenosis �50% or
severe dissection). This approach is usually preferred if the
parent vessel is large and the side branch relatively small.
Alternatively, when both the parent vessel and side branch

RANDOMIZED TRIALS OF BARE METAL STENT IMPLANTATION VERSUS BALLOON ANGIOPLASTY
FOR CHRONIC TOTAL CORONARY OCCLUSIONS

TABLE 24.17

Follow-up
Trial N BA Stent P Value BA Stent P Value Duration BA Stent P Value

TOSCA (283) 410 20% 11% 0.02 70% 55% �0.01 6 months 15% 8% 0.03
PRISON (284) 200 7% 8% 0.99 33% 22% 0.14 12 months 29% 13% �0.0001
SICCO (285,286) 114 26% 16% 0.058 74% 32% �0.001 33 months 53% 24% 0.002
GISSOC (287) 110 34% 8% 0.004 68% 32% 0.0008 6 years 36% 15% 0.02
SARECCOa 110 14% 2% 0.05 62% 26% 0.01 2 years 55% 24% 0.05
Mori et alb 96 11% 7% 0.04 57% 28% 0.005 6 months 49% 28% �0.05
STOPc 96 17% 8% NS 71% 42% 0.032 6 months 42% 25% NS
SPACTOd 85 24% 3% 0.01 64% 32% 0.01 6 months 40% 25% NS

a Sievert H, Rohde S, Utech A, et al. Stent or angioplasty after recanalization of chronic coronary occlusions? Am J
Cardiol 1999;84:386–390.
b Mori M, Kurogane H, Hayashi T, et al. Comparison of results of intracoronary implantation of the Palmaz-Schatz
stent with conventional balloon angioplasty in chronic total coronary arterial occlusion. Am J Cardiol 1996;78:
985–989.
c Lotan C, Rozenman Y, Hendler A, et al. Stents in total occlusion for restenosis prevention. Eur Heart J 2000;21:
1960–1966.
d Hoher M, Wohrle J, Grebe OC, et al. A randomized trial of elective stenting after balloon recanalization of chronic
total occlusions. J Am Coll Cardiol 1999;34:722–729.
BA, balloon angioplasty; TOSCA, Total Occlusion Study of Canada; PRISON, Primary Stenting of Occluded Native
Coronary Arteries; SICCO, Stenting in Chronic Coronary Occlusion; GISSOC, Gruppo Italiano di Studi sulla Stent
nelle Occlusioni coronariche; SARECCO, Stent or Angioplasty after Recanalization of Chronic Coronary Occlusions;
STOP, Stents in Total Occlusion for Restenosis Prevention; SPACTO, Stent vs. Percutaneous Angioplasty in Chronic
Total Occlusion; NS, not significant.
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are large (�2.5 mm), especially when the side branch arises
at a shallow angle, planned stenting of both branches may
be considered. Various approaches to dual stenting of bifur-
cation lesions have been developed (178; Fig. 24.19).

1. T-stent technique: A stent is deployed at the ostium of
the side branch, followed by a second stent in the parent
vessel. Unless the angle of origin of the side branch is 90	,
however, the operator is faced with the dilemma of whether
it is better to leave a portion of the ostial side-branch lesion
unstented or risk having part of the stent protrude into the
parent vessel (making subsequent advancement of the par-
ent vessel stent difficult or impossible). 

2. “Culotte” stent technique: A stent is deployed into
the side branch with extension into the proximal aspect of
the parent vessel. A wire is then passed through the side
struts of this stent and into the distal parent vessel. After
balloon dilatation, a second stent is passed through the
side struts into the distal, so that the proximal ends of the
first and second stents overlap in the proximal vessel. This
technique is the most technically complex, but offers excel-
lent scaffolding and coverage of the bifurcation. 

3. Simultaneous kissing stents: Two stents are deployed
simultaneously over separate guidewires—one in the parent
vessel and one in the side branch. Both stents extend side by
side in the main vessel proximal to the bifurcation. Although
this technique offers the advantage of simplicity and control
of both vessels, a new, more proximal carina is created in the
center of the proximal parent vessel, which is unlikely to
endothelialize fully. Also, placement of an additional stent is
problematic should a proximal dissection occur. 

4. “Crush” stent technique: After predilatation of both
limbs, two stents are positioned simultaneously in the side
branch and main branch. The side-branch stent extends

into the proximal main vessel 2 to 3 mm; the parent branch
stent extends at least several mm more proximally. The side-
branch stent is inflated first, trapping the main-branch stent
delivery system. After confirmation of patency without dis-
section in the side branch, the side-branch guidewire and
stent delivery system are removed and the main-branch
stent is implanted, “crushing” the side branch stent.
Following this, the side-branch stent is rewired and simulta-
neous kissing balloon inflations are performed. Indeed, it is
generally recommended that all bifurcation stent tech-
niques be completed by this technique. 

The crush technique is simpler than the culotte tech-
nique and affords excellent coverage of the carina. Re-
crossing the crushed side-branch stent with a guidewire
and balloon can be challenging and time consuming, how-
ever, but is essential because late restenosis is significantly
reduced following a simultaneous kissing balloon infla-
tion with this technique (294). 

A variation of this technique is the “reverse crush,”
applicable when side-branch stenting was not planned but
becomes necessary because of failure of provisional bal-
loon angioplasty of the side branch after main-branch
stenting. In this case, a second stent is placed in the side
branch extending several mm into the proximal parent ves-
sel (within the previously placed stent), and a balloon
angioplasty catheter is placed in the main vessel. The side-
branch stent is then deployed, impinging on the balloon.
After removal of the side-branch stent delivery system and
wire, the main-branch balloon is then inflated to crush the
proximal portion of the side-branch stent. A final simulta-
neous kissing balloon inflation is then recommended. The
main difference between crush and reverse crush is that
with the latter technique, several mm of side-branch stent
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Figure 24.19 Classification of vari-
ous approaches to bifurcation stenting.
1 and 2. Classic T-stenting beginning
with side branch stenting. 3. Modified
T-stenting. 4. “Crush” technique. 5.
Classic T stenting beginning with main
branch stenting. 6. Provisional T stent-
ing. 7. “Culotte” or “trousers” tech-
nique. 8. Touching stents completed or
not as Y technique. 9. “Trouser legs and
seat” technique, a classic touching
stents technique completed proximally
by a “skirt” technique. 10. Kissing
stents technique. 11. “Skirt” technique.
(From Louvard Y, Lefevre T, Morice MC.
Percutaneous coronary intervention for
bifurcation coronary disease. Heart
2004;90:714.)
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are crushed against the main-branch stent within the lumen,
rather than external to the parent stent struts.

All of these dual-stent techniques are technically com-
plex, require use of a larger (7F or 8F) guiding catheter, and
pose difficulty in accessing the parent vessel or side branch
through overlapping metallic elements. Moreover, prior
studies with bare metal stents have not demonstrated supe-
rior clinical or angiographic results compared with a sim-
pler provisional stent approach (178). Long-term outcomes
may be improved with the use of drug-eluting rather than
bare metal stents in bifurcation lesions (295). Recently,
however, two small randomized studies of provisional
stenting versus routine dual-stent implantation (mostly T-
stenting) using Cypher stents have been performed in true
bifurcation lesions, with no obvious benefit to the routine
two-stent approach (though the results were clearly
improved compared with the historical use of bare metal
stents, especially in the main vessel; 248,296). Though a
randomized trial of provisional versus crush stenting with
drug-eluting stents has not yet been performed, unpub-
lished registry studies to date have not clearly demonstrated
marked superiority of the crush technique compared with a
provisional approach (291). Moreover, stent thrombosis
rates appear to be approximately doubled when two drug-
eluting stents rather than one are implanted in a bifurca-
tion (296,255). At the present time, a provisional drug-elut-
ing stent strategy is thus recommended except when the
side-branch lesion is very long, calcified, tortuous, or arises
at a very shallow angle (making it unlikely that an accept-
able result will be obtained with balloon angioplasty only);
in distal left main bifurcations involving both the artial left
anterior descending and circumflex arteries; or in patients
with depressed left ventricular function where the rapid
achievement of a stable angiographic result is desirable.

Finally, several side-branch access stents have been
developed and are under investigation in the United States
to preserve side-branch patency or facilitate side-branch
wiring and balloon crossing should ostial narrowing occur
(297). Efforts are also underway to develop a true Y-limbed
bifurcated drug-eluting stent, which theoretically would
provide optimal coverage of the carina. 

Stent Implantation in Unprotected 
Left Main Lesions

For many years coronary artery bypass graft surgery has
been considered the therapy of choice for left main coro-
nary artery disease as a result of small studies showing a sig-
nificant survival benefit after surgery compared with med-
ical therapy. Although PCI of protected left main coronary
artery stenoses (a patent bypass graft present to either the
left anterior descending or circumflex arteries) may be per-
formed with a high rate of success and favorable long-term
outcomes, early attempts at balloon angioplasty of unpro-
tected left lesions resulted in a high rate of procedural com-
plications owing to elastic recoil and dissections. Moreover,

restenosis occurred in as many as 50% of patients, often
presenting as sudden death (see Chapter 22).

Several multicenter registries of left main stenting have
been performed, clearly demonstrating that the results of
PCI in patients with left main disease depend on the base-
line clinical stability and left ventricular function of the
patient. The prospective multicenter ULTIMA registry
reported the early and late outcomes from 279 patients
undergoing PCI of left main disease: 17% of patients were
deemed inoperable, an additional 27% were considered to
be high surgical risk, 28% had a left ventricular ejection
fraction �40%, 33% had triple-vessel disease, and almost
half required intra-aortic balloon counterpulsation. Stent
implantation was performed in 69% of patients. In-
hospital death occurred in 38 patients (13.7%). At 1 year,
cardiac mortality occurred in 20.2% of patients, 9.8% had
a myocardial infarction, and 9.4% required coronary
bypass surgery. Independent correlates of all-cause mortal-
ity were left ventricular ejection fraction �30%, mitral
regurgitation grade 3 or 4, presentation with myocardial
infarction and shock, serum creatinine �2.0 mg/dL, and
severe lesion calcification. Approximately one third of the
patients were �65 years of age, had a left ventricular ejec-
tion fraction �30%, and were without baseline shock; in
this most favorable group, the 1-year survival was 96.6%
and only 2.3% developed a myocardial infarction, though
25% required repeat revisualization procedures (includ-
ing 17% who ultimately required bypass graft surgery).

The results from a multicenter European registry of bare
metal stenting of unprotected left main lesions in 92 patients
also reported markedly lower 6-month mortality in patients
who were versus were not candidates for bypass graft surgery
(3.8% versus 20.5%, P � .02; 296). In a four-center Asian reg-
istry of patients with normal left ventricular function under-
going left main stenting, there were no in-hospital deaths and
event-free survival was 77.7% at 3 years. Angiographic
restenosis was documented in 21.1% of lesions (300). 

Drug-eluting stents may significantly improve outcomes
in patients with left main disease (301,302). In the largest
published study to date, the results of elective PCI with
sirolimus-eluting stents in 102 patients with left main disease
(70% at the distal bifurcation) were compared with a 121-
patient bare metal stent historical control cohort (301).
Neither group had an in-hospital major adverse cardiac
event. Angiographic restenosis at 6 months was 7% in the
sirolimus stent group compared with 30% in the bare metal
stent group (P � .001), which was associated with a marked
improvement in 1-year event-free survival (98% versus
81.4%, P � .0003). In a second report of 85 patients with left
main disease treated with sirolimus- or paclitaxel-eluting
stents (88% at the distal bifurcation), major adverse cardiac
events at 6 months were reduced to 24.7% from 42.1% in a
64-patient historical control group (P � .03), despite more
frequent adverse characteristics in the drug-eluting stent
cohort (302). Target vessel revascularization was also lower in
the drug-eluting stent cohort (18.8% versus 30.6%, P � .11). 
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In summary, though drug-eluting stents have improved
the outcomes for patients undergoing PCI of left main dis-
ease, management of disease at the distal left main bifur-
cation (the most common location) still carries a nontriv-
ial incidence of restenosis, and consensus regarding the
optimal technical approach has not been determined.
Pending the results of a recently initiated large-scale mul-
ticenter randomized trial of bypass graft surgery versus
paclitaxel-eluting stents, surgery still must be considered
the standard of care for good operative candidates with
left main disease.

Stent Implantation in Saphenous Vein Grafts

The most common cause of recurrent ischemia following
coronary artery bypass surgery is atheromatous degenera-
tion within the body of the saphenous vein graft. Following
bypass graft surgery, approximately 5 to 10% of patients
per year develop recurrent angina, and by 10 years, as many
as 50% of saphenous vein grafts are occluded and 40% of
the remainder are stenotic (see Chapter 22). Single-center
and multicenter registries of stent implantation in saphe-
nous vein grafts demonstrated high rates of procedural suc-
cess and potentially improved event-free survival compared
to either balloon angioplasty and atherectomy (303,304).
Randomized trials comparing balloon angioplasty and
stent implantation (using the Palmaz-Schatz and Wiktor I
stents) in focal lesions in saphenous vein grafts have now
been performed, collectively demonstrating that bare
metal stents result in reduced angiographic restenosis and
greater freedom from target lesion and vessel revasculariza-
tion (Fig. 24.20; 305,306). 

Drug-eluting stent implantation in saphenous vein
grafts may further improve outcomes (307). It must be rec-
ognized however, that although repeat revascularization
triggered by failure of the stented site may be relatively low,
the incidence of clinical events approaches 50% by 5 years
owing to progression of disease at nontarget sites within

the treated graft, as well as attrition of other grafts and
progression of native coronary disease (145,308).
Moreover, the event-free rate after bare metal stenting in
either diffusely diseased or occluded saphenous vein grafts
is poor; whether drug-eluting stents improve late graft
patency and clinical outcomes in these high-risk cohorts
has not been evaluated. Finally, all PCI procedures in dete-
riorated saphenous vein grafts result in frequent
atheroembolism and periprocedural myonecrosis, which
may contribute to late mortality, and is reduced but not
eliminated by the use of distal protection devices (see
Chapter 23).

Stent Implantation in Acute 
Myocardial Infarction

Twenty-three randomized trials have definitively proven
that compared with thrombolytic therapy, balloon angio-
plasty reduces mortality, reinfarction, stroke, and intracra-
nial bleeding (see Chapter 22). Balloon angioplasty in this
setting, however, is associated with a relatively high rate of
infarct artery restenosis (30 to 40%) and reocclusion (5 to
10%). Initial fears of a high rate of stent thrombosis given
the prothrombotic milieu of acute myocardial infarction
were allayed with the results of large multicenter trials
demonstrating favorable early and late clinical outcomes
after implantation of both bare metal and heparin-coated
Palmaz-Schatz stents (309–311). Numerous prospective,
randomized trials have now been performed comparing
the results of balloon angioplasty and bare metal stent
implantation during primary PCI (Table 24.18; 312–319).
In a meta-analysis of these trials, primary stenting as
compared with balloon angioplasty was associated with
similar early and late mortality, but statistically signifi-
cantly reduced rates of reinfarction (48% reduction at 30
days and 33% reduction at 12 months) and target vessel
revascularization (54% and 42% reductions at 30 days and
12 months, respectively; 317).Though few studies have

Balloon angioplasty Stent
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P < .05

P < .05P = .07

P = .03
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N = 220

VENESTENT Trial 
N = 150

Figure 24.20 Compared with balloon
angioplasty, bare metal stents have
been shown to enhance event-free sur-
vival by reducing target lesion and ves-
sel revascularization after intervention
in primarily focal lesions in diseased sa-
phenous vein grafts, as seen in the re-
sults of these two randomized trials.
TLR, target lesion repeat; MACE, major
adverse cardiac event; TVR, target ves-
sel revascularization.
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reported the rates of subacute vessel thrombosis, the
CADILLAC trial observed subacute vessel thrombosis
within 30 days in 1.4% of patients assigned to balloon
angioplasty versus 0.5% after stenting (P � .03), demon-
strating the safety of stent implantation in this condition
(312). Primary stenting has been shown to be superior to
balloon angioplasty even after an optimal angioplasty
result was obtained (316,321), is cost-effective (322), and
improves quality of life (323). Routine stent implantation
compared with balloon angioplasty does not, however,
improve indices of infarct artery reperfusion (324,325),
reduce infarct size (312,326), or enhance survival (320). 

Though the results of primary PCI in patients with
evolving acute myocardial infarction are clearly improved
with stenting compared with balloon angioplasty, resteno-
sis and infarct artery reocclusion rates still remain high
with bare metal stents. It is not known whether drug-elut-
ing stents can safely improve outcomes in this setting.
Lemos et al. compared the results of primary angioplasty
performed with sirolimus-eluting stents in 186 consecutive
patients with acute myocardial infarction with 183 patients
treated with bare metal stents (327). At 30 days, the fre-
quency of adverse events was similar in both the sirolimus
and the bare metal stent groups (7.5% versus 10.4%,
respectively; P � .4). At 300 days, the rate of repeat PCI was
reduced in the drug-eluting stent group (1.1% versus 8.2%,
P � .01), which drove a significant reduction in event-free
survival (90.6% versus 83.0%, P � 0.02). Larger studies are
required to demonstrate the safety of drug-eluting stents in
a thrombotic environment, however. In this regard, a 4.7%
stent thrombosis rate was recently reported in 171 patients
undergoing PCI within 24 hours of acute myocardial
infarction in the e-Cypher registry (328). A 3,000-patient
3:1 randomized trial of paclitaxel-eluting TAXUS stents ver-
sus bare metal control Express stents is now underway in
patients with acute myocardial infarction within 12 hours
of onset to examine the safety and efficacy of drug-eluting
stents in this setting.

CURRENT PERSPECTIVES AND 
FUTURE DIRECTIONS

Over the past decade, coronary stenting has emerged as the
dominant technology for catheter-based coronary revascu-
larization. The availability of stents with excellent deliver-
ability and scaffolding, the demonstration that stenting
improves acute and long-term outcome in a wide variety of
lesion types, the development of effective and better-toler-
ated regimens to prevent stent thrombosis, and now the
marked suppression of restenosis with antiproliferative
bioactive coatings, have facilitated the application of stent-
ing to almost every patient and lesion subset. The potent
reduction in restenosis with drug-eluting stents has already
resulted in a marked shift from surgical referral to a percu-
taneous approach for all but the most complex anatomy,

placing even greater emphasis on technical skill and expe-
rience of the operator. Moreover, with the threat of resteno-
sis gone, the threshold to treat borderline lesions is dimin-
ished, and active investigation is underway to diagnose
and prophylactic treatment of vulnerable plaques (see
Chapters 11 and 19). Future directions for the coronary
stent will likely include the incorporation of thromboresis-
tant polymers and agents and complete bioabsorbability
of the endovascular frame. In any event, the coronary stent
is certain to remain the foundation for the treatment of
coronary atherosclerosis for the foreseeable future.
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Ted Feldman

Although percutaneous intervention began with coronary
angioplasty and other interventional tools (see Chapters 22
through 24), the concept of treating diseased heart valves
began soon thereafter. The initial thrust was to open stenotic
pulmonic, mitral, and aortic valves via balloon valvuloplasty
for which the basic techniques and equipment have changed
little over the last two decades. More recently, there has been
a renewed interest in this area as exciting new therapies for
percutaneous treatment of mitral regurgitation and percuta-
neous replacement of pulmonic and aortic valves have
entered clinical testing. This chapter will review the mecha-
nisms, indications, techniques, and clinical results of balloon
valvuloplasty of the mitral, pulmonic, and aortic valves and
describe the novel catheter-based approaches for valve repair
and replacement now being attempted.

PERCUTANEOUS BALLOON MITRAL
VALVULOPLASTY

Percutaneous mitral valvuloplasty is an important thera-
peutic tool in treating rheumatic mitral stenosis. Although
the prevalence of rheumatic heart disease has declined sig-
nificantly in the United States, this procedure still remains
an important therapeutic option for the symptomatic
patient with mitral stenosis. In third world or developing

countries where rheumatic heart disease remains preva-
lent, percutaneous mitral valvuloplasty is the treatment of
choice for treating patients with mitral stenosis (1–3).

Mechanisms

Percutaneous mitral valvuloplasty is more appropriately
called percutaneous mitral commissurotomy because the
balloon dilatation improves the valve orifice by separating
the fused mitral commissures. As shown by echocardio-
graphic, fluoroscopic, and anatomic studies, the expanding
balloon splits fused commissures in the same manner as a
surgical commissurotomy (4,5).

Patient Selection

Patients should be selected for percutaneous mitral valvulo-
plasty based on both clinical and anatomic factors. In most
cases they should be symptomatic, and mitral valve area as
measured by echocardiography and hemodynamics should
be �1.5 cm2. Unlike for valve surgery, the presence of pul-
monary hypertension or abnormal left ventricular function
is not a contraindication. Patients with anatomically suit-
able valves who have developed restenosis (commissural
refusion) after prior surgical or balloon commissurotomy
can also undergo percutaneous mitral valvuloplasty with
results almost as good as previously untreated patients
(6,7). Although the procedure can be performed in patients
of almost any age, the best clinical results are observed in
younger patients, with less predictable long-term results

aSome of the material in this chapter was contributed by Thomas
Ports and William Grossman, MD, in previous editions.



544 Section VII: Interventional Techniques

occurring in patients older than 70 years, who are more
likely to have deformed and calcified valves. Percutaneous
mitral valvuloplasty is a particularly valuable tool in treat-
ing the symptomatic pregnant woman with critical mitral
stenosis. It can also be a lifesaving emergency procedure in
the patient with mitral stenosis and refractory pulmonary
edema or cardiogenic shock (8).

Asymptomatic patients should be considered for percu-
taneous mitral commissurotomy when they develop pul-
monary hypertension or new-onset atrial fibrillation (9). A
pulmonary artery peak systolic pressure �50 mm Hg at rest
or 60 mm Hg with exercise in an otherwise asymptomatic
patient represents disease severity that has reached the
point where percutaneous commissurotomy should be
considered (9). New atrial fibrillation is less clear an indi-
cation but should be considered, especially in patients
with mitral valve morphology well suited for percutaneous
commissurotomy. 

Contraindications

Although the procedure can be performed at higher risk
with thrombus localized to the left atrial appendage, throm-
bus within the left atrium itself is a contraindication to this
procedure (10). Moderate or severe (�2� on a scale of 0 to
4, determined angiographically) mitral regurgitation is also
a contraindication to percutaneous mitral valvuloplasty.
Patients with mitral stenosis and aortic or tricuspid valve
lesions that require cardiac surgery should be referred for
surgery. Concomitant coronary disease can be treated with
PCI in conjunction with valvuloplasty when the coronary
anatomy is suitable. This can be done in one session or
staged, with the more clinically severe lesion treated first.

Anatomic Factors in Patient Selection for
Balloon Mitral Valvuloplasty

High-quality transthoracic and transesophageal echocar-
diography (TEE) is an essential part of proper patient selec-
tion. TEE prior to the planned valvuloplasty procedure
excludes the presence of left atrial thrombus and moderate
or greater mitral regurgitation. In addition to ensuring that
there are no anatomic contraindications, echocardiogra-
phy provides valuable information that helps the interven-
tional cardiologist select patients and predict results (11).
The ideal patient has pliable, noncalcified mitral leaflets
and mild subvalvular disease. As the degree of subvalvular
disease increases, the quality of the result with percuta-
neous mitral valvuloplasty decreases. Similarly, increasing
degrees of calcification of the mitral valve diminish the
effectiveness of mitral valve dilatation and increase the
complication rate. Dilating mitral valves with commissural
calcification may lead to leaflet tearing along noncommis-
sural lines and is associated with a higher incidence of
procedure related mitral regurgitation (12). Heavy calcifi-
cation of the valve and/or bicommissural calcification are

also associated with poorer acute and long term outcomes.
When commissural fusion is symmetric, even in the pres-
ence of calcification, bicommissural splitting is more likely
than when commissural fusion is asymmetric (13,14). 

Valve deformity increases substantially with age. Older
patients who present with mitral stenosis often have valves
poorly suited for percutaneous mitral commissurotomy. In
these cases, the goals of therapy must be considered individ-
ually for patient selection. Patients who are excellent candi-
dates for mitral valve replacement, or those who have associ-
ated multivalve or complex coronary disease, may be better
served by surgery. The very elderly, or patients with multiple
comorbid conditions or prior median sternotomy, may have
excellent palliation from percutaneous mitral commissuro-
tomy despite a high degree of valve and subvalvular defor-
mity and calcification. A prototypic example is the octoge-
narian patient with prior aortic valve replacement and
coronary bypass surgery who presents with a heavily calcified
mitral valve and severe symptomatic mitral stenosis. The
results of percutaneous commissurotomy in these patients
are clearly less good than in younger patients with pliable
valves, but the value of palliative therapy is substantial.

Many find the echocardiographic scoring system of
Wilkins et al. (15) useful in assessing patients for percuta-
neous mitral valvuloplasty. This echocardiographic classifi-
cation system is shown in Table 25.1. Points are given for

ECHOCARDIOGRAPHIC SCORING SYSTEMa

TABLE 25.1

Leaflet mobility
1 Highly mobile valve with restriction of only the leaflet tips
2 Midportion and base of leaflets have reduced mobility
3 Valve leaflets move forward in diastole mainly at the base
4 No or minimal forward movement of the leaflets in diastole

Valvular thickening
1 Leaflets near normal (4–5 mm)
2 Midleaflet thickening, marked thickening of the margins
3 Thickening extends through the entire leaflets (5–8 mm)
4 Marked thickening of all leaflet tissue (�8–10 mm)

Subvalvular Thickening
1 Minimal thickening of chordal structures just below the valve
2 Thickening of chordae extending up to one third of chordal length
3 Thickening extending to the distal third of the chordae
4 Extensive thickening and shortening of all chordae extending

down to the papillary muscle

Valvular Calcification
1 A single area of increased echo brightness
2 Scattered areas of brightness confined to leaflet margins
3 Brightness extending into the midportion of leaflets
4 Extensive brightness through most of the leaflet tissue

aAdding each of the components determines final score (maximum, 16
points).
From Wilkins GT, Weyman AE, Abascal VM, et al. Percutaneous balloon
dilatation of the mitral valve: an analysis of echocardiographic variables
related to outcome and the mechanism of dilatation. Br Heart J
1988;60:299.
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leaflet mobility, valve thickening, subvalvular thickening,
and valvular calcification. The final score is determined by
adding up the points from each category. Higher scores
indicate more severe anatomic disease and a lower likeli-
hood of a successful procedure. The maximum score is 16,
and percutaneous mitral commissurotomy results are
generally excellent in patients with an echo score of �8,
indicating favorable anatomy, i.e., pliable leaflets, mild or
moderate subvalvular disease, and mild or absent valve
calcification. A review of over 1,500 patients undergoing
balloon mitral valvuloplasty was carried out using a logis-
tic model to improve patient selection (16). As expected,
younger patients with echocardiographic evidence of less
severe disease had a better outcome. 

Patients with significant valve deformity and echocar-
diographic scores �8 should not be excluded a priori from
consideration for percutaneous mitral valvuloplasty. There
is no absolute contraindication to percutaneous mitral
valvuloplasty in patients with higher echocardiographic
scores, but patients with echocardiographic scores �8
require an individualized approach. The duration of palli-
ation may be less than in patients with ideal valve mor-
phology, and the acute procedure success rate is lower.
When valve deformity is associated with other clear indi-
cations for open heart surgery, the decision is relatively
simple. This includes patients with associated significant
aortic stenosis or insufficiency, multivessel coronary artery
disease, or those with severe tricuspid regurgitation in
need of repair. When none of these indications are present
or clear, percutaneous commissurotomy in patients with
significant valve deformity can be a successful palliative
therapy. This is an especially useful strategy in patients
with borderline aortic insufficiency or stenosis, in whom a
waiting period after mitral commissurotomy may allow
for a more timely decision for double-valve replacement
at a later date.

Technique

Several basic techniques of percutaneous mitral valvulo-
plasty (PMV) are in use. Retrograde transarterial techniques,
used alone or in combination with antegrade (trans-septal
puncture) techniques, have been used in some centers
for single- and double-balloon PMV (17). They offer the
advantage of not requiring trans-septal puncture or using
only minimal dilatation of the intra-atrial septum. Dis-
advantages of these techniques include the opportunity for
arterial injury because of the larger balloons used. In addi-
tion, the procedures can be technically difficult and time
consuming.

The most commonly used approaches are transvenous
antegrade (i.e., trans-septal) techniques, using either a dou-
ble balloon or the Inoue balloon system (2,3). The Inoue
balloon is the only device approved specifically for percuta-
neous mitral valvuloplasty in the United States and is the
most commonly used device worldwide. Alternatively, a

double-balloon technique can be used with two balloons
advanced over separate guidewires from the femoral vein to
the left atrium, across the mitral valve into the left ventricle
(18). The two balloons are then inflated simultaneously
across the mitral valve. Figure 25.1 illustrates the two-balloon
technique. In this patient, the mitral valve was first dilated
with a single balloon, after which double balloons were used
to achieve the desired hemodynamic result. When properly
performed, the double-balloon technique results in excellent
improvement in mitral valve area (19,20). Multiple studies
have shown no significant difference in hemodynamic
results (mitral valve gradient or mitral valve area) postproce-
dure between the double-balloon technique and the Inoue
balloon system (21). 

An adaptation of the double-balloon technique uses a
monorail approach to deliver two balloons across the
mitral valve over a single guidewire (22). The first valvulo-
plasty balloon with a short monorail segment is passed
over the wire across the mitral valve, followed by a second
conventional balloon that is then passed over the wire
until it is parallel with the first balloon. There are no sub-
stantial differences in the mechanism of delivery of force
by two balloons using this approach compared with con-
ventional double-wire, double-balloon technique. 

In the early surgical era of closed heart mitral commis-
surotomy, a metallic dilator, or commissurotome, was used
via a left ventricular apical incision. Cribier et al. (23) have
adapted this established surgical technique for percuta-
neous use. A 19F metallic commissurotome can be passed
across the interatrial septum over a guidewire and used to
accomplish mitral commissurotomy. There has been some
evidence that bicommissural splitting can be accomplished
more frequently with the metal commissurotome. Ran-
domized comparisons of the Inoue balloon and metallic
commissurotome have not demonstrated significant differ-
ences in long-term outcome (24). 

However, the Inoue balloon technique is faster and less
cumbersome and generally requires less fluoroscopy time
than these other approaches (25). The Inoue balloon
allows simple progressive upsizing of the balloon without
withdrawing the balloon from the left atrium—an impor-
tant advantage if larger balloon sizes are needed. The Inoue
balloon system may, however, result in a slightly higher
incidence of mitral regurgitation (26).

Inoue Balloon Technique

All antegrade approaches begin with the crucial first step of
successful trans-septal catheterization. This technique,
which is described in Chapter 4, not only requires success-
ful access to the left atrium, but must also be through the
proper part of the atrial septum to allow easy access to the
mitral valve. After successful placement of a Mullins-type
dilator and sheath into the left atrium and confirmation of
its position by a hand injection of contrast, the patient is
anticoagulated with heparin. Baseline hemodynamics are
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then recorded, confirming the appropriate degree of mitral
stenosis. Subsequently, a special solid-core coiled 0.025-
inch guidewire is introduced into the left atrium, and the
Mullins sheath dilator system is removed. The femoral vein
and interatrial septum are then dilated with a long 14F
dilator over the coiled guidewire within the left atrium.
The previously prepared, tested, and now slenderized
Inoue balloon is then introduced over the guidewire into
the left atrium. The Inoue balloon (Fig. 25.2) is made of
nylon and rubber micromesh. Owing to the variable elas-
ticity along its length, the balloon inflates in three distinct
stages as illustrated in Fig. 25.2. This allows for stable posi-
tioning of the balloon catheter across the mitral valve, as
described below. 

After the slenderized balloon has been positioned
within the left atrium, the stretching tube is removed, and
a preshaped “J” stylet is introduced into the Inoue balloon.
The distal portion of the balloon is inflated slightly to aid

in crossing the valve and to prevent intrachordal passage.
By maneuvering the balloon catheter while rotating and
withdrawing the stylet, the balloon tip will move anteriorly
and inferiorly toward the mitral orifice. After the balloon
catheter is across the mitral orifice, the distal portion of the
balloon is inflated more fully and the catheter is pulled
back gently to confirm that the inflated distal portion of
the balloon is secure across the mitral valve. As further vol-
ume is added to the balloon, the proximal end inflates to
lock the valve between the proximal and distal balloon.
Inflation to precalibrated volume then dilates the valve ori-
fice to the corresponding preset size. Figure 25.3 illustrates
the sequential filling and positioning of the Inoue balloon.
It is then allowed to deflate passively before it is withdrawn
into the left atrium.

The pressure gradient across the mitral valve is mea-
sured after each balloon dilatation, and echocardiography
may be used to assess the mitral valve area, leaflet mobility,

A

C

B

Figure 25.1 Mitral balloon valvuloplasty in a 72-year-old woman who pre-
sented with progressive dyspnea on exertion. Her hemodynamic evaluation
showed a mean mitral valve gradient of 22 mm Hg. This was reduced to 10 mm
Hg after single-balloon valvuloplasty (A) and 4 mm Hg after double-balloon
dilatation (B). Figure 25.1C is a schematic drawing showing the anatomic path
and catheter positions for double-balloon mitral valvuloplasty.
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and the degree of mitral regurgitation. If the first inflation
has not resulted in a satisfactory increase in the mitral
valve area, and the degree of mitral regurgitation has not
increased, the balloon is then readvanced across the mitral
valve and inflation repeated with the balloon diameter
increased by 1 or 2 mm by delivery of slightly more of the
precalibrated syringe volume in a stepwise dilatation process
that is repeated until the desired result is achieved. 

The Inoue balloon comes in four sizes—24, 26, 28, and
30 mm, referring to the fully inflated maximal balloon
diameter. However, since actual balloon size is dependent
on the volume used for inflation, the actual diameter can
be varied over a range from 6 mm less than nominal up to
the full rated diameter, as required. We generally estimate
the expected maximal inflated balloon catheter diameter
using an empiric formula based on the height of the patient
(one-tenth the height in cm plus 10 mm). It is important to
start with a smaller balloon diameter, especially for valves
that are very thickened or rigid or have moderate amounts
of subvalvular disease, to minimize the development of
mitral regurgitation, which can develop suddenly with as
little as a 1- to 2-mm increase in diameter of inflation size.

The Inoue balloon is fundamentally different than con-
ventional balloons, being volume driven. The balloon is
precalibrated so that inflation with volumes labeled on the
inflation syringe result in corresponding balloon-inflated

diameters. The pressure that the balloon is inflated to is thus
different for different inflation volumes. A smaller maximal-
size balloon when inflated to its maximal size, such as 26
mm, will be at a higher pressure than a balloon that has a
larger capacity, such as a 30-mm balloon inflated to the
same 26 mm. The Inoue balloon has a low-pressure zone
encompassing the first two thirds of its range of inflation.
The balloon pressure at this point is typically approximately
two or three atmospheres. As the balloon is inflated to its
last couple of millimeters of diameter with increasing infla-
tion volumes, the balloon pressure rises toward four atmos-
pheres of pressure. Randomized trials have examined the
effects of using balloons in the low-pressure zone compared
with the high-pressure zone (27,28). With similar maximal
inflated diameters, inflations in the low-pressure zone result
in less mitral regurgitation than inflations in the high-pres-
sure zone. Thus, using a 30-mm balloon inflated to a maxi-
mum diameter of 28 mm will overall result in causing less
mitral regurgitation than using a maximal nominal 28-mm
balloon inflated to 28 mm (in the high-pressure zone). 

It is important to assess for increases in mitral regurgita-
tion after each inflation before proceeding to the next
inflation diameter. After each balloon inflation, the mean
left atrial pressure should be expected to decrease in con-
junction with a decrease in the transmitral pressure gradi-
ent. When the left atrial pressure remains unchanged both

Figure 25.2 The figure shows the
Inoue balloon catheter. The top panel
shows the length of the catheter. On the
far left, at the hub, the stretching metal-
tube has been fully advanced, resulting
in stretching and elongation of the bal-
loon catheter, seen on the right side of
the figure. This results in a minimized
profile to facilitate passage through a
femoral venous sheath or directly
through the skin. In the second panel,
the stretching metal tube on the far left
has been pulled back, allowing the bal-
loon to shorten and fatten. The stretch-
ing tube is puled back in this manner
after the balloon is passed across the
atrial septal puncture. This is seen on the
right side of the second panel. Panels 3
through 6 show the step-wise inflation
characteristics of the balloon. In panel 3,
the balloon is un-inflated. In panel 4, the
distal portion has been inflated. This
portion of the balloon can be “floated”
or manipulated across the mitral valve
from the left atrium to the left ventricle
in a manner analogous to crossing the
tricuspid valve with a right heart balloon
floatation catheter. In panel 5, the bal-
loon in further inflated to create a “dog
bone” configuration. This allows the bal-
loon to self-position within the mitral
valve. Upon final inflation, as seen in
panel 6, the waist of the balloon is fully
expanded, ultimately resulting in com-
misural splitting.
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Figure 25.3 Balloon mitral valvuloplasty in a 42-year-old man who presented with dyspnea on
exertion. A. Distal tip of the Inoue balloon has crossed the mitral valve. B. With the distal tip of the
balloon filled, the catheter was withdrawn to straddle the mitral valve. C. Partial filling of the balloon.
D. Complete filling of the Inoue balloon across the mitral valve. Following this dilation, the mitral
valve gradient was reduced from 18 mm Hg to 2 mm Hg. E. A large V wave is seen prior to percuta-
neous mitral valvuloplasty. There is a large diastolic transmitral valve gradient. The filled arrows
denote the peak of the V waves. No mitral regurgitation was noted at this point by either echocar-
diography or left ventriculography. F. Post mitral valvuloplasty, the transmitral gradient has been dra-
matically reduced, as has the V wave. Ventriculography and Doppler echocardiography at this point
show no mitral regurgitation. (From Syed Z, Salinger MH, Feldman T. Alterations in left atrial pressure
and compliance during balloon mitral valvuloplasty. Cathet Cardiovasc Intervent 2004;61:577.)
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in magnitude and morphology of the waveform after bal-
loon inflation, it is likely that no progress has been made.
If a persistent gradient is present, an additional inflation is
warranted. The evaluation is more difficult when the left
atrial pressure rises after a balloon inflation, or when the
waveform changes with an increase in the V wave. Decision
making is all the more complicated because the presence
and size of V waves in the left atrial pressure tracing is often
misleading.

A V wave in the left atrial pressure tracing is dynamic.
Large V waves are frequently seen in the left atrium in
patients with mitral valve disease in the absence of mitral
regurgitation reflecting alterations in left atrial compliance,
so that V waves are neither sensitive nor specific for the
presence or importance of mitral regurgitation. In percuta-
neous commissurotomy, it is common to see a V wave
diminish during the course of successive successful bal-
loon inflations, reflecting left atrial decompression with
improved left atrial compliance (Fig. 25.3; 29). Changes in
the V wave must be assessed carefully during percutaneous
commissurotomy procedures, but additional information
such as Doppler echocardiography or repeat left ventricu-
lography is necessary to fully interpret these findings. 

Following successful mitral valve dilatation, the Inoue
balloon is then reslenderized by first reintroducing the
guidewire and then the stretching tube. The slenderized bal-
loon is subsequently withdrawn from the body over a
guidewire. If no sheath has been used, a 10F sheath is
inserted into the femoral vein over the guidewire before
removal of the wire. It is useful to leave the guidewire across
the atrial septal puncture in the left atrium for 3 to 5 min-
utes after completion of the procedure, while monitoring
the systemic arterial pressure. In rare cases, the trans-septal
puncture can be made low in the right atrium, and rather
than going through the atrial septum, the needle may tra-

verse the right atrial wall, the transverse pericardial sinus,
and then enter the inferior border of the left atrium. In this
situation, a satisfactory left atrial pressure waveform is
obtained through the tip of the trans-septal needle, and the
path of the puncture through the pericardial space is not
apparent until devices are removed at the conclusion of the
procedure. If a wire is left in place at the end of the proce-
dure and the blood pressure drops precipitously after a cou-
ple of minutes, with the wire in place, a small balloon
catheter can be passed back across the puncture site and
inflated to stabilize the patient while pericardial centesis is
performed and plans for further management are made.
This is a rare occurrence, but catastrophic when it does
occur. This small step of leaving the wire across the puncture
for just a few moments can be lifesaving in that situation.

Immediate Results

Immediate results of mitral valvuloplasty are assessed by a
combination of echo Doppler measurements and hemo-
dynamics. Repeat evaluation of mitral valve area during the
procedure by hemodynamic measurements can be per-
formed with reasonable degrees of accuracy in catheteriza-
tion laboratories equipped with systems with computer
analysis. There is some inaccuracy to the Gorlin formula in
the presence of an atrial shunt or mitral regurgitation (30).
Nevertheless, in successful procedures, the mitral valve gra-
dient will be observed to be substantially reduced.

Figure 25.4 illustrates a typical reduction in left atrial
pressure and transmitral gradient immediately after bal-
loon mitral valvuloplasty. The mitral valve orifice area will
generally be increased by �1 cm2/m2 body surface area, or
by �80%. By echocardiographic assessment in the labora-
tory, particularly planimetry of the mitral valve orifice
image in the two-dimensional echocardiogram short-axis

Figure 25.4 Before valvuloplasty, there is a large transmitral valve pressure gradient, filled in
black in the first diastolic period in the prevalvuloplasty tracing. After a 27-mm balloon inflation, the
transmitral valve pressure gradient is significantly reduced, and following a 28-mm diameter balloon
inflation, the gradient is nearly resolved. (From Feldman T, Carroll JD, Herrmann HC, et al. Effect of
balloon size and stepwise inflation technique on the results of Inoue mitral commissurotomy. Cathet
Cardiovasc Diagn 1993;28:200.)
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view, another confirmation of improvement of mitral valve
orifice area can be measured. The accuracy of Doppler
measurements during valvuloplasty can be variable, but
color Doppler assessment is the method of choice for
sequential evaluation of the degree of mitral regurgitation
(31). When Doppler echocardiography is not available in
the catheterization lab, serial left ventriculograms can
be done to evaluate the degree of mitral regurgitation. The
new appearance of mitral regurgitation or an increase
greater than one grade on the 0 to 4 classification of pre-
existing mitral regurgitation in general signals an end point
of the procedure. Additionally, if the mitral valve area has
increased to �2 cm2, or if the mean gradient has been
reduced to �5 mm Hg without a decrease in cardiac out-
put, the procedure has been completed successfully. 

In some cases, a single commissure is split during one of
the first balloon inflations. This is often the result of asym-
metric commissural fusion or calcification. But splitting of a
single commissure often makes it difficult to split the second
commissure, since the inflated balloon will be displaced into
the already opened side of the valve. This typically results in
an adequate rather than an excellent postprocedure valve
area. With the Inoue balloon, single commissural splitting
typically results in a valve area between 1.6 cm2 and 1.8 cm2.
When both commissures are split, the valve area is more
frequently 1.8 cm2 or greater and frequently �2.0 cm2.
However, the clinical circumstances and anatomic factors of
each patient must be considered carefully in determining
the end point of the procedure. 

Long-Term Hemodynamic Results

Numerous studies have demonstrated the effectiveness of
balloon valvuloplasty in increasing mitral valve area (1,16).
There is almost always a near doubling of effective mitral
valve area, a decrease in left atrial pressure, and usually a
slight increase in cardiac output. Over time, there is a gradual
decrease in pulmonary artery pressure and pulmonary vascu-
lar resistance (32). Longer-term follow-ups of �5 years are
now available. These studies show quite satisfactory results
for this technique. Table 25.2 looks at the 4- and 5-year

follow-up in patients from four series (33–36). In a fifth
series, the National Heart, Lung, and Blood Institute
(NHLBI) Balloon Valvuloplasty Registry reported multicenter
results in 736 patients older than 18 years who were fol-
lowed for 4 years (37). The actuarial survival rates at 1, 2, 3,
and 4 years were 93%, 90%, 87%, and 84%, respectively. The
event-free survival (freedom from death, mitral valve surgery,
or repeat balloon valvuloplasty) at 1, 2, 3, and 4 years was
80%, 71%, 66%, and 62%, respectively. Multivariate predic-
tions of mortality were New York Heart Association (NYHA)
functional class IV, echocardiographic mitral valve score
�12, systolic pulmonary artery pressure �40 mm Hg post-
procedure, and left ventricular end-diastolic pressure �15
mm Hg. 

Comparison of Percutaneous Balloon Mitral
Valvuloplasty and Surgery

Randomized comparisons of percutaneous balloon valvu-
loplasty with surgical commissurotomy have demonstrated
similar acute and long-term results. The equivalence of the
various percutaneous commissurotomy approaches with
each other, and of percutaneous commissurotomy with
surgical commissurotomy, suggest that commissurotomy
by any method yields comparable results (38).

Two prospective randomized studies of young patients
in India and South Africa compared the clinical and hemo-
dynamic results of percutaneous balloon valvuloplasty
with closed surgical valvotomy (39,40). The valvuloplasty
results compared favorably with those obtained surgically.
In one study, better functional and hemodynamic results
occurred in the patients treated with percutaneous balloon
valvuloplasty (40). An additional trial looked at 60
patients randomized prospectively to percutaneous bal-
loon valvuloplasty or open surgical commissurotomy (41).
Initial mitral valve area increased from a mean of 0.9 to 2.1
cm2 in the balloon valvuloplasty group and from 0.9 to 2.0
cm2 in the surgical patients. However, after 3 years the
patients treated with balloon valvuloplasty had a higher
average mitral valve area (2.4 versus 1.8 cm2) and a greater
likelihood of NYHA class I status (72% versus 57%).

LONG-TERM RESULTS OF BALLOON MITRAL VALVULOPLASTY FOR MITRAL STENOSIS
TABLE 25.2

NYHA Class I–II 
Author No. of Mean Age Follow-Up Freedom From and Freedom
(Reference) Patients (Years) (Months) Survival (%) Operation (%) from Operation

Palacios (33) 327 54 48 90 79 66
Cohen (34) 146 59 60 76 51 —
Pan (35) 350 46 60 94 91 85
Iung (36) 606 46 60 94 74 66

NYHA, New York Heart Association.



Open surgical commissurotomy, closed surgical com-
missurotomy, and percutaneous balloon valvuloplasty
were compared in a trial of 90 patients (42). Short- and
long-term (7-year) outcomes were not as good with closed
surgical commissurotomy. Mitral valve area was greater
after percutaneous balloon valvuloplasty (0.9 to 2.2 cm2)
and open commissurotomy (0.9 to 2.0 cm2) than closed
commissurotomy (0.6 to 1.6 cm2). Early and late mortality
and thromboembolism were similar among the three
groups. At 7 years follow-up, NYHA class I was present in
87%, 90%, and 33% of patients for balloon valvuloplasty,
open commissurotomy, and closed commissurotomy,
respectively. Freedom from repeat intervention at 7 years
for the balloon valvuloplasty, open commissurotomy, and
closed surgical commissurotomy patients was 90%, 93%,
and 53%, respectively.

Complications

In skilled hands, the failure rate of the procedure should be
�5%. Failure usually results from the inability to safely
puncture the interatrial septum because of anatomic diffi-
culties or, in some cases, to position the balloon catheter
successfully across the mitral valve. The procedural mortal-
ity rate varies from 0 to 3% in most series (16,43). Hemo-
pericardium related to trans-septal catheterization, atrial
puncture, or, rarely, left ventricular apical perforation by
the balloon or wires varies in incidence from 0.5 to 10%.
Systemic embolization has been encountered in 0.5 to 5%
of cases. These complications diminish with increasing
operator experience.

Severe mitral regurgitation is fortunately uncommon,
ranging in incidence from 2 to 9%, and is related to non-
commissural leaflet tearing or chordal rupture. Leaflet tears
are largely unpredictable and unpreventable, but chordal
rupture can be minimized by careful technique (44). Usually,
in these circumstances one or both of the mitral commis-
sures were too tightly fused to be split successfully by the bal-
loon, and the leaflets have torn along noncommissural lines.
Most cases of severe mitral regurgitation occur in patients
with unfavorable mitral valve anatomy. Same-day surgical
mitral valve replacement is necessary in 2 to 3%. Usually
even severe mitral regurgitation is well tolerated for a time by
the patient, and in the acute setting is usually responsive to
intravenous nitroglycerin or nitroprusside. In general, elec-
tive surgical replacement rather than repair of the valve will
be necessary when severe mitral regurgitation occurs because
of the severity of the underlying valvular and subvalvular dis-
ease (45).

PULMONIC VALVULOPLASTY

Pulmonary valve stenosis is a relatively common congeni-
tal defect. Mild to moderate pulmonary stenosis in chil-
dren has generally a benign clinical course, with a high rate

of survival into adulthood. Therefore, the adult interven-
tional cardiologist will encounter previously undetected
and untreated patients who are candidates for balloon
valvuloplasty. 

Pathophysiology

The typical patient with valvular pulmonic stenosis has a
trileaflet valve, with varying degrees of fibrous thickening
and fusion of the commissures. These restricted valve
leaflets have a characteristic domed-shaped, or conical,
appearance during systole on angiography or echocardiog-
raphy. Bicuspid pulmonic valves are uncommon (�20%),
and heavy calcification of the stenotic valve is rare. These
features make the stenotic pulmonary valve well suited for
balloon valvuloplasty. Other forms of congenital pul-
monic stenosis not well suited for valvuloplasty include
dysplastic valves (Noonan Syndrome; 46) and patients
with primary fibromuscular subvalvular narrowing. 

Balloon valvuloplasty evolved from a long surgical
experience with mechanical valve dilatation, valvulotomies
(Brock procedure), bougies, and finally, under cardiopul-
monary bypass, direct incision of fused pulmonic valve
commissures. Since the initial balloon valvuloplasty of the
pulmonary valve in 1979 with an angiographic balloon
catheter, larger-diameter, longer polyethylene balloon
catheters have been developed to allow this procedure to
be performed successfully and safely in children and adults
(47,48). The Inoue balloon may be used as well. The pro-
posed mechanism for successful balloon valvuloplasty is
predominantly mechanical separation of congenitally
fused commissures. Also, there appears to be in some
patients minor tearing of valve leaflets and occasionally
avulsion of the cusps. 

Patients with moderate pulmonic stenosis and a gradi-
ent of 50 to 100 mm Hg who have symptoms of exercise
intolerance will probably benefit from balloon valvulo-
plasty (9). Patients with severe pulmonic stenosis, defined
as a gradient �100 mm Hg or those with evidence of right
ventricular dysfunction may benefit from balloon valvulo-
plasty even in the absence of symptoms, because of the
significant afterload that the obstructive pulmonary valve
places on the right ventricle (49). 

Technique

After selection of a symptomatic patient with a moderate
or severe gradient across the pulmonary valve by echocar-
diographic and Doppler evaluation, successful pulmonary
valvuloplasty begins with a careful measurement of the
pulmonic valve annulus diameter on echo for balloon siz-
ing. A right heart catheterization is done to document the
pulmonary valve gradient and to exclude a significant
supravalvular or subvalvular component. A 5F sheath may
be placed in the left femoral artery for pressure monitor-
ing, and the procedure is performed from the right femoral
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vein after the introduction of an 8F sheath. A right ventric-
ular angiogram is done in the anteroposterior and lateral
projections to determine the exact location of the pul-
monary valve and to confirm sizing of the pulmonary
annulus. In the lateral projection, right ventriculography
demonstrates the morphology of the outflow tract.
Subvalvular hypertrophy typically accompanies pulmonic
stenosis. In some cases, a secondary subvalvular stenosis
results. If on prevalvuloplasty right ventriculography the
subvalvular hypertrophy causes near obstruction, relief of
the pulmonic stenosis with afterload reduction may allow
for muscular obstruction to be accentuated after valvulo-
plasty. It is important to appreciate this preprocedure,
since severe hypotension may result after successful pul-
monary valvuloplasty as a consequence of subvalvular
dynamic obstruction. This has been referred to as “suicide
right ventricle.” 

For sizing, we generally use a pigtail catheter with mark-
ers spaced a centimeter apart to facilitate assessment using
quantitative coronary angiography. Single-balloon, double-
balloon, and Inoue balloon techniques may be used. For the
dual-balloon technique in adult patients, balloon sizes
approximating the diameter of the annulus, and then
increasing in size are chosen, if necessary, to abolish the gra-
dient. It is often necessary to oversize the calculated annulus
diameter by as much as 25%. Both balloons may be inserted
via a single femoral vein, which necessitates a sheathless
approach. Bilateral venous cannulation allows the use of
sheaths. The Inoue balloon is large enough to use a single
balloon in most adult patients, with a target inflated diame-
ter 1.2 times larger than the pulmonic annulus.

Following the angiographic localization of the pulmonary
valve, the valve is crossed with a dual-lumen balloon flota-
tion catheter. This catheter is useful for measuring the gra-
dient from its end-hole lumen, as well as its side-hole
lumen, 5 cm from the tip. Pressure gradients can be mea-
sured by this catheter before and after balloon dilatation.
Both lumens are passed distally into the pulmonary artery,
and for the double-balloon technique two 0.038-inch
heavy-duty exchange-length guidewires are passed into the
distal pulmonary artery, one through the end-hole lumen
and one through the side-hole lumen. The catheter is then
removed, leaving the wires in place in the pulmonary
artery exiting the body through the femoral vein. The pul-
monary valvuloplasty balloons, having been previously
purged of air and filled with diluted radiographic contrast,
are then inserted one after the other in tandem into the
femoral vein. They are then positioned one at a time with
the aid of both the external markers and the balloon mark-
ers so that the midportion of the valvuloplasty balloon is
straddling the pulmonary valve. When both balloon
catheters are in place, they are rapidly and simultaneously
filled with the dilute radiographic contrast. The balloons
are filled until the “waist” is seen to disappear on fluo-
roscopy. The balloon catheters are emptied and then with-
drawn from the body sequentially over the two heavy-duty

J wires. A 12F sheath is introduced into the femoral vein
over the guidewires, and the dual-lumen catheter is reintro-
duced through the sheath and positioned across the pul-
monary valve over one of the wires. That guidewire is then
removed, and a careful determination made of the residual
valvular gradient, if any.

In a successful balloon pulmonic valvuloplasty, the valvu-
lar gradient is almost always nearly abolished. However, on
occasion the operator will encounter a previously undetected
sub-valvular gradient, after the valvular gradient has been
eliminated (so-called suicidal right ventricle). When the sub-
valvular gradient is severe enough to cause hypotension,
beta-blockade and volume expansion must be rapidly insti-
tuted. This subvalvular gradient will usually diminish and
disappear over the ensuing weeks, with regression of the right
ventricular hypertrophy. Repeat dilatation of the pulmonary
valve should be performed with larger balloons only when
there is a persistent and significant valvular gradient. Repeat
dilatation of the pulmonary valve for a subvalvular gradient
is contraindicated. 

Clinical Results and Complications

The impressive acute and long-term results of this proce-
dure in adolescents and adults make balloon valvuloplasty
the treatment of choice for valvular pulmonic stenosis. A
pooled analysis involving 784 patients of all ages showed
that the clinical success was achieved with balloon valvulo-
plasty in 98% of patients (50). Procedural mortality was
�0.5%, and the average peak valve gradient fell from 85
mm Hg to 33 mm Hg. Several series have looked at the
long-term efficacy of balloon valvuloplasty. Chen and col-
leagues (51) reported a series of 53 adolescent and adult
patients, age 13 to 55, treated between 1985 and 1995. The
systolic pressure gradient across the pulmonary valve fell
from 91  46 to 38  32 mm Hg after the procedure. On
late follow-up (average of 7 years), the gradient had fallen
further. Seven of 53 patients developed pulmonary insuffi-
ciency immediately after the valvuloplasty, but none had
this complication at late follow-up evaluation. 

Procedural complications are rare during the procedure.
Pulmonic valvuloplasty is generally planned as an outpa-
tient procedure. Patients may have arrhythmias and occa-
sional hypotension during balloon inflation. Transient
right bundle branch block has been observed. Despite the
use of large balloon catheters, bleeding and vascular com-
plications are infrequent because this procedure is done
through the femoral vein.

BALLOON AORTIC VALVULOPLASTY

Dilatation of the stenotic aortic valve, whether by surgical
technique or percutaneous balloon, has not enjoyed the
same level of success as balloon therapy for the pulmonic
and mitral valves. Surgical mechanical dilatation of the
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stenotic adult aortic valve has been attempted since the
1950s, but the various valvulotomy approaches have failed
to provide a significant solution for the problem of calcific
aortic stenosis and have largely been abandoned in favor of
aortic valve replacement in acceptable surgical candidates.

Noncalcific Aortic Stenosis

Percutaneous balloon aortic valvuloplasty was first per-
formed in children and young adults by Lababidi (52) in
1984. Balloon dilatation resulted in a significant decrease
in peak aortic valve gradient. Considerable experience exists
using balloon valvuloplasty in children and adolescents
with noncalcified congenital stenotic aortic valves, with
excellent short-term and satisfactory long-term results
(53–55). The predominantly fibrotic nature of these con-
genitally stenotic valves makes them well suited for balloon
valvuloplasty (9). The procedure is effective 80 to 90% of
the time with a mortality of approximately 0.7%. Survival
at 8 years has been reported at 95% with a need for repeat
intervention of 25% at 4 years and 50% at 8 years (56).
There may be a role for balloon valvuloplasty in the young
adult without significant valve calcification. One study of
young adults ages 17 to 40 (mean age 23) with congenital
aortic stenosis showed that balloon aortic valvuloplasty
produced a significant reduction in the gradient across the
aortic valve and an increase in the aortic valve area (57). In
this series, there were no deaths or embolic cerebrovascular
events. Intermediate follow-up at 38 months showed that
50% of patients required no further intervention. The
absence of significant valve calcification is an important
predictor of a good short- and long-term result. 

Calcific Aortic Stenosis

The more typical patient encountered by the adult cardiolo-
gist is the elderly patient with acquired calcific aortic stenosis.
Although experience with successful balloon valvuloplasty
for this condition dates back to 1986 (58,59), the procedure
has a limited role at present because of limited durability
owing to the high rate of recurrence or restenosis. Virtually all
symptomatic patients with calcific aortic stenosis should
undergo aortic valve replacement as the treatment of choice.
There are, however, certain settings where balloon valvulo-
plasty may play an important palliative role in patients who
are poor candidates for immediate valve replacement. These
are listed in Table 25.3. Balloon aortic valvuloplasty is useful
in the patient presenting with cardiogenic shock owing to
aortic stenosis and can serve as a successful bridge to defini-
tive surgery in these hemodynamically unstable patients
(60). It may also be used for palliation in patients with seri-
ous comorbid conditions. The technique is also used in
patients with critical aortic stenosis who require urgent non-
cardiac surgery, if it is felt that more conservative medical
therapy presents excessive risk. Typical examples include
patients undergoing hemicolectomy for colon cancer or

operations of a similar magnitude. Last, valvuloplasty may be
useful as a diagnostic tool. Patients with low gradient, low
cardiac output, and markedly depressed ejection fraction do
poorly with surgical valve replacement. Balloon valvulo-
plasty may be used to assess the potential for improvement
in left ventricular function: those patients who do not
improve represent a group who have underlying cardiomy-
opathy, while those who do improve after balloon dilatation
generally have a good outcome with subsequent aortic valve
replacement.

Mechanism of Improved Aortic Orifice Area

Postmortem and intraoperative dilatations have demon-
strated how balloon aortic valvuloplasty improves the adult
aortic valve with calcific degenerative aortic stenosis (61).
Balloon dilatation increases the mobility of leaflets, thus
enlarging the aortic valve orifice. The mechanism of dilata-
tion appears predominantly to be fracturing of the calcific
aortic valve nodules (61). In addition, in some elderly
patients there is rheumatic disease with superimposed cal-
cification, and there may be separation of postinflamma-
tory fused commissures that contributes to the results of
dilatation. The likely mechanism of restenosis is fusion of
the cracks or crevices in calcific nodules on the aortic
leaflets. The balloon dilatation process rarely dislodges the
amorphus calcific deposits, and embolization is rare. The
fractured calcific nodules may heal with fibrosis, which is
probably the most common occurrence, and in some cases
even with ossification and true bone formation (62). 

Technique

The retrograde aortic technique for balloon aortic valvulo-
plasty is the one most commonly used. One or both femoral
arteries may be used. A 5F pigtail catheter is inserted from the
left femoral artery and positioned in the ascending aorta for
pressure monitoring and gradient determination. Right heart
catheterization is done from the left femoral vein. A balloon
flotation thermodilution catheter is placed in the pulmonary
artery and remains there throughout the procedure to allow

INDICATIONS FOR BALLOON AORTIC
VALVULOPLASTY IN ADULTS

TABLE 25.3

Cardiogenic shock
Bridge to aortic valve surgery
Symptomatic critical aortic stenosis requiring emergent 

noncardiac surgery
Poor surgical risk, age �90 years
Diagnostic test in low-gradient/low-output setting
Congenital aortic stenosis
Rheumatic aortic stenosis
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the aortic valve. Using the proximal and distal markers of
the balloon, the operator attempts to place the midballoon
at the level of the calcific aortic valve. Figure 25.5 illustrates
the unfilled balloon straddling the aortic valve.

In most normal-sized adults with an adequate aortic
valve annulus, we begin with a 20 or 22-mm-diameter/4- to
6-cm-long balloon. In very small or frail patients, the opera-
tor can start with an 18-mm balloon or (very rarely) a 15-mm
balloon. The balloon is filled with diluted contrast media
using either a very large syringe or angioplasty end-deflator-
type device. Care must be taken to maintain balloon posi-
tion within the valve orifice to achieve an effective dilata-
tion. The balloon catheter may tend to jump either forward
or backward with the force of ventricular systole. To achieve
a stable balloon position, the balloon is filled slowly as its
position is fixed. If still in good position, the balloon is
filled rapidly to its maximum diameter. A brief burst of
rapid ventricular pacing (180–220 bpm) may also be used
to reduce balloon movement by temporarily minimizing
left ventricular ejection. We constantly monitor the ECG for
arrhythmia and ischemia, as well as aortic pressure. If toler-
ated clinically, the balloon can be left inflated for 15 to 20
seconds. It is then withdrawn into the aorta as it begins to
deflate, maintaining guidewire position in the left ventricle.
Pulling the balloon back immediately after full inflation is
reached minimizes the duration of hypotension caused by
obstruction of the aortic valve. A period of stabilization to
allow blood pressure and ECG changes to return to baseline
should be allowed before further dilatations.

determination of the cardiac output. Using the right femoral
artery, an 8F sheath is introduced to allow left heart catheter-
ization to be performed. A 0.035-inch or 0.038-inch
straight-tipped guidewire is used to cross the aortic valve,
advanced through an angled pigtail catheter, a left Amplatz
catheter, or a specialized catheter designed to cross the aortic
valve (63). The aortic valve gradient is measured and aortic
valve area determined using the Gorlin formula. Patients
may be heparinized prior to any attempt to cross the aortic
valve. 

Following these prevalvuloplasty measurements, a heavy-
duty 0.038-inch exchange-length (300-cm) guidewire, shaped
with a pigtail or ram’s horn curve at its tip, is inserted into
the left ventricle. The wire tip is shaped by pulling the wire
between a finger and the edge of a hemostat, and helps it lie
benignly in the left ventricular apex (without perforation or
undue ventricular arrhythmia). The previously placed left
ventricular catheter is removed, and a 12F sheath is placed
over this wire into the femoral artery. It is important that the
groin be anesthetized adequately to avoid discomfort and
possible vagal reaction during sheath exchange. Through
the sheath, the previously prepared dilatation balloon is
advanced over the guidewire. To keep its profile minimal,
the balloon (purged of air) is kept completely deflated by
constant negative pressure from a syringe and is introduced
into the sheath with rotation. 

Under fluoroscopy, using two operators, the heavy-duty
guidewire is kept in the left ventricle as the balloon valvu-
loplasty catheter is advanced and positioned to straddle

A B

Figure 25.5 A. Anteroposterior projection shows passage of the deflated aortic valvuloplasty
balloon across a stenotic aortic valve. Balloon markers are positioned so that the balloon straddles
the calcified aortic valve. B. Anteroposterior projection showing an inflated aortic valvuloplasty bal-
loon across the stenotic aortic valve. The tip of the guidewire has been formed into a concentric
curve to minimize the potential for left ventricular apical trauma. 
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It is often necessary to exert considerable force on these
balloons to expand them fully and relieve the “waist” caused
by the stenotic aortic valve, and it is difficult to achieve full
inflation of these large balloons using the 20-mL syringe
that is needed to provide adequate volume. If the balloon
is connected to the larger syringe with a short pressure
tubing and a high-pressure stopcock, the side arm of the
stopcock can be attached to a 10-mL syringe filled with
dilute contrast to boost the inflation after the larger syringe
has been used to its maximal volume (64). This maneuver
of adding additional contrast to the balloon through the
side arm of the three-way stopcock, however, can easily
result in balloon rupture. A first balloon inflation with the
large syringe only to test the patient’s response to balloon
inflation, followed by second or third inflations boosted to
a maximum balloon diameter, is a careful approach to
achieving optimal use of each size balloon. After several
dilatations with a single balloon or after balloon rupture
(a frequent occurrence), the balloon then is withdrawn
through the sheath, leaving the exchange-length, heavy-
duty wire in place. It is frequently necessary to remove the
12F sheath along with the deflated valvuloplasty balloon,
since valvuloplasty balloons do not always rewrap ade-
quately to allow removal through the 12F sheath. A 12.5F
sheath makes balloon withdrawal easier. 

A pigtail catheter is then reintroduced over the guidewire
back into the left ventricle, and measurements of the pressure
gradient and cardiac output are repeated. The aortic valve
area is calculated. Our usual goal is to increase the aortic valve
area by �100% and to achieve a valve area of at least 1 cm2. If
a desirable result has not been achieved, we then change to a
23-mm-diameter balloon and repeat the procedure (a 14F
sheath is usually necessary to accommodate a 23–24-mm
balloon). If an adequate result is still not achieved, a dual
balloon technique (using a pair of 15- or 18-mm balloons if
aortic annulus size permits) can be attempted, although this
requires accessing the contralateral femoral artery for intro-
duction of the second balloon. Pressure is monitored
through the side arm of the 12F sheaths during the proce-
dure. Figure 25.6 illustrates the dual balloon technique, and
Fig. 25.7 shows the progressive reduction in gradient with
single-, followed by dual-, balloon valvuloplasty.

Following a successful procedure, patients are placed in
a recovery area or in the coronary care unit for continued
observation. The femoral artery sheaths are removed using
suture closure devices, or when the coagulation parameters
are in range, with hemostasis maintained by a Fem-Stop
device. Since prolonged compression is needed, rigid clamps
should be avoided.

An alternative approach is to use an antegrade trans-septal
route (65, 65a). After right femoral venous and trans-septal
access, a balloon flotation catheter is used to pass through the
left atrium, left ventricle, and into the aorta (Fig. 25.6B). A
wire is exchanged into the descending aorta (Fig. 25.6C). An
extra-support guidewire is passed into the descending aorta
and snared from the arterial side for stability (Fig. 25.6D).

The valvuloplasty balloon catheter is then maneuvered over
the guidewire antegrade and inflated in the aortic valve.

The technique is more complex than the retrograde
approach. After transseptal access is accomplished via a 14F
venous sheath, a single-lumen balloon flotation catheter is
passed across the mitral valve into the left ventricle. With the
balloon inflated, preshaped curved guidewires can be intro-
duced to encourage the balloon to make a curve around the
left ventricular apex and take a course upward toward the
aortic valve. The valve is crossed antegrade, sometimes with
the balloon deflated to facilitate passage across the stenotic
valve. Once in the ascending aorta, a guidewire can be
advanced through the aortic arch into the descending aorta.
Via a 6F or 7F arterial sheath, a 10-mm gooseneck snare is
used to grasp the wire in the descending aorta. The wire can
be either exteriorized and clamped on the arterial side or left
within the snare to tightly fix the wire in the descending
aorta. The balloon catheter and Mullins sheath are with-
drawn over the wire through the 14F femoral sheath. It is
possible to advance an Inoue balloon catheter (stretched
into the left atrium, and then unstretched as it is advanced
through the left atrium, across the mitral valve, around the
left ventricular apex, and into the aortic valve). The balloon
is inflated and deflated rapidly (Fig. 25.6E). After between
one and three balloon inflations, the balloon can be with-
drawn and a pigtail catheter replaced in the left ventricle
over the wire to determine the final hemodynamic results.
Special care must be taken to remove the transcirculatory
guidewire sheathed within a diagnostic catheter, at least into
the aortic arch and ideally into the descending aorta. If the
wire is pulled without the protective covering of a plastic
catheter, tremendous friction will be encountered, which
may cause damage to the aortic or mitral valves! 

Advantages of the antegrade approach include the use of
a large-caliber venous (rather than arterial) puncture with
subsequently much easier puncture management. The
venous puncture may be “preclosed” with a percutaneous
suture closure device (see Chapter 4). A 6F closer is ade-
quate for this purpose. Also, a relatively larger balloon can
be introduced in this manner compared with the retrograde
approach. The Inoue balloon can be inflated to 24 to 26
mm diameter without having to exchange balloons. The
inflate/deflate cycle of the Inoue balloon is also more rapid
than a conventional large balloon and thus results in a
shorter period of hemodynamic instability during balloon
inflations. The transcirculatory wire, however, can prop
open the mitral or aortic valves in some patients, causing
regurgitation with slowly progressive hypotension. In this
situation, the technique must be abandoned and the retro-
grade approach used. Another advantage of the antegrade
approach is lack of dependence on the arterial circulation
for passage of catheters in a population where diffuse arter-
ial disease is relatively common. Even so, some patients
will have a progressive decline or lack of recovery of systolic
pressure after balloon inflations using either the antegrade
or retrograde techniques, and it may then be wise to accept
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Figure 25.6 A. Balloon aortic valvulo-
plasty using the double-balloon technique
in a 94-year-old woman who presented
with syncope and failure. Full inflation of
two 18-mm-diameter, 5.5-cm-long Scimed
balloons across the stenotic aortic valve. B.
A Mullins sheath has been passed through
the left atrium across the mitral valve. The
tip marker can be seen in the left ventricu-
lar inflow. Through the Mullins sheath, a 7F
single-lumen balloon catheter has been
advanced into the left ventricle and looped
in the apex to point upward toward the
aortic valve. The silhouette of the inflated
balloon at the tip of the catheter can be
noted just within the curve of the pul-
monary artery catheter. C. A wire has been
passed through the 7F balloon tip catheter,
traversing the left ventricle and passing
into the aortic arch and then the descend-
ing aorta. D. The proximal part of a 0.032-
inch wire can be seen passing through a
14F sheath in the inferior vena cava (left).
The J curve of the wire can be seen in the
descending aorta (right). A microsnare has
been passed over the distal end of the wire
in the descending aorta. The snare will be
anchored on the wire and left in place in
the descending aorta to stabilize the wire
for balloon passage through the left ventri-
cle into the aortic valve. E. The inflated
Inoue balloon is seen in the calcified aortic
valve leaflets. The wire loop has been
straightened in the left ventricle during
inflation. After balloon deflation, the bal-
loon will be pulled back into the left atrium
and the loop re-established in the left ven-
tricle.

the result of the first balloon inflation. Larger valve areas
have been obtained with the antegrade approach, possibly
because larger balloons can be used or because the shape of
the Inoue balloon conforms better to the sinus of Valsalva. 

Clinical Results and Complications

In the large Mansfield balloon aortic valve registry, data
were collected from 27 clinical centers across the United
States and Europe from 6,742 patients with calcific aortic

stenosis undergoing balloon aortic valvuloplasty between
1986 and 1987 (66). Balloon aortic valvuloplasty resulted
in an increase in aortic valve area from 0.5  0.18 to
0.81  0.18 cm2, and a decrease in mean aortic valve pres-
sure gradient from 60  24 to 30  14 mm Hg. There was
also an accompanying increase in cardiac output from
3.86  0.55 to 4.01  0.51 L/minute. Complications were
experienced in 22.6% of patients, including a procedural
death rate of 4.9%, death within 7 days of 2.6%, emboli
2.2%, ventricular perforation 1.4 %, and emergency aortic



Chapter 25: Percutaneous Therapies for Valvular Heart Disease 557

Figure 25.7 Balloon aortic valvuloplasty in an
elderly patient with severe calcific aortic stenosis.
A. Baseline pressure gradient across the stenotic
aortic valve measured with one catheter in the left
ventricle (LV) and a separate pigtail catheter in the
ascending aorta (AA). There is a 58-mm Hg mean
gradient and an 80-mm Hg peak-to-peak gradient
across the valve. B. A reduction in the aortic valve
gradient after a series of progressive single-balloon
dilatations of the aortic valve. C. A marked reduc-
tion in aortic valve gradient after dual-balloon
valvuloplasty.
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valve replacement 1.2%. The NHLBI balloon valvuloplasty
registry enrolled patients from 1987 to 1989 at 24 clinical
centers (67). Similar results were obtained, with balloon
aortic valvuloplasty increasing aortic valve area from
0.5  2 to 0.8  .5 cm2, decreasing aortic valve pressure
gradient from 57  30 to 29  13 mm Hg, and increasing
cardiac output from 3.9  1.2 to 4.1  1.2 L/minute. 

The most common complication was local vascular
injury, requiring surgical repair in 5.7% of patients (68).
The requirement for transfusions has been significantly
diminished by the use of percutaneous suture closure for
management of the large-caliber arterial puncture neces-
sary for retrograde aortic valvuloplasty. Perclose devices
must be preplaced after arterial access is obtained (69,70).
After placing a 6F or 8F sheath in the femoral artery, the
sheath is exchanged for a Perclose device, whose sutures
are deployed but not tied. A wire is replaced in the Perclose
device, and an exchange is made for a 12F or 14F sheath
for valvuloplasty. At the conclusion of the procedure, a
wire is replaced in the sheath so that vascular access can be
protected while the Perclose knots are tied. If hemostasis is
secure, the wire is removed and the knots tightened. If
hemostasis with Perclose fails, the sheath can be replaced
and a compression device can be used. In one report, this
approach decreased the need for transfusions after aortic
valvuloplasty from 23% to 0% of patients (70). Preclosure
techniques may also be used in the same manner for large-
bore venous punctures for antegrade aortic valvuloplasty,
mitral valvuloplasty, or pulmonic valvuloplasty. 

Overall complications include procedural death (2%),
cardiac arrest (5%), emergency aortic valve replacement
(1%), left ventricular perforation (2%), embolic stroke and
systemic emboli (1%). Ventricular arrhythmias and left bun-
dle branch block are very commonly induced during the
procedure; however, both are usually transient. In patients
with underlying bundle branch block, it is useful to place a
temporary right ventricular pacemaker for aortic valvulo-
plasty procedures.

Long-Term Results

Restenosis with recurrent symptoms is common in the first
year following balloon valvuloplasty in the adult with cal-
cific aortic stenosis (71–73). The mean duration of relief
of symptoms is about 1 year. In the NHLBI-sponsored bal-
loon valvuloplasty registry, the survival at 1, 2, and 3 years
was 55%, 35%, and 23%, respectively, in the 674 patients
undergoing balloon aortic valvuloplasty (67). The 1-year
survival rate in the Mansfield registry of 492 patients was
64%, with an event-free survival rate of 43% (66,74).
Therefore, it must be emphasized that, when at all feasible,
definitive aortic valve replacement is the technique of
choice for managing the adult patient with severe calcific
aortic stenosis. 

Short-term clinical improvements associated with bal-
loon aortic valvuloplasty may be accompanied by improve-

ment in systolic and diastolic left ventricular function in
some patients (75). Patients with significantly depressed
left ventricular function undergoing this procedure have a
very poor long-term prognosis (76). In the patient with
cardiogenic shock who has been stabilized with successful
balloon aortic valvuloplasty, cardiac surgery with definitive
aortic valve replacement should be undertaken soon after
the patient stabilizes (60,77). 

PERCUTANEOUS VALVE REPLACEMENT
AND REPAIR

Surgical valve replacement and repair has been the gold stan-
dard for valve disease for several decades. Recently, however,
great progress has been made in adapting these surgical
approaches to the percutaneous arena. Recently, both pul-
monic and aortic valve replacement have been accomplished
using catheter techniques (78–81). Bioprosthetic valve leaflets
are mounted on balloon-expandable or self-expanding stents
and delivered within the diseased valve using modifications
of standard angioplasty and valvuloplasty techniques.

Percutaneous prosthetic treatment for pulmonic stenosis
has been pioneered in children with congenital heart dis-
ease who have been previously treated with Fontan conduits
in the pulmonary circulation. These conduits contain a
porcine prosthetic valve that degenerates as the children age.
Reoperation for degeneration of the pulmonic prosthetic is
frequently necessary in patients who have already under-
gone two or three prior surgical procedures for their congen-
ital heart disease. As a non-surgical alternative, Bonhoeffer 
et al. have adapted a bovine jugular venous valve prosthesis
for stent delivery (78,79). Successful placement of the bio-
prosthetic valve has been performed consistently in more
than 80 patients with excellent hemodynamic and angio-
graphic results. The durability of the prosthesis will become
better known as time passes.

Aortic stenosis has also been successfully treated with
percutaneous prosthetic valve therapy. Cribier et al. have
used equine pericardial leaflets placed in a balloon-expand-
able stent to treat aortic stenosis in elderly patients deemed
nonsurgical or poor surgical candidates (80,81). Both ante-
grade and retrograde techniques have been utilized for deliv-
ery of the aortic valve prosthesis. Each approach has benefits
and limitations. The profile of the aortic valve prosthesis was
24F in its initial iterations, which made use of the antegrade
transvenous approach attractive, although delivery of a large
prosthesis through the turns involved in traversing the left
atrium and left ventricular apex en route to the aortic valve
may be difficult. The retrograde approach requires this large
24F arterial sheath, and, in some cases, the large profile of
the valve may not be able to cross the native aortic valve in
the retrograde direction, necessitating either implantation
in the descending aorta or removal of the prosthesis surgi-
cally. More recently, a second percutaneous aortic valve
replacement utilizing pericardial leaflets mounted on a self-
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expanding stent (CoreValve, Irvine CA) has entered clinical
investigation, and several more percutaneous aortic valve
replacement devices are under development.

It is clear that the development of percutaneous valve
prosthetic devices will move rapidly and that improvement
in the profile of the devices and delivery systems will occur
incrementally. The durability of valve prostheses that
have been crimped on a balloon and then compressed by
a relatively high-pressure balloon expansion may not be
assumed to be similar to surgically implanted tissue valves,
and experience with the long-term results of these patients
will take a great deal of time to develop.

Although we have already discussed the success of bal-
loon valvuloplasty for the treatment of mitral stenosis, mitral
regurgitation previously has been treatable only by surgical
methods (placement of an annuloplasty ring or the edge-to-
edge Alfieri stitch repair). Percutaneous approaches to mitral
valve repair have now been used successfully, and both annu-
loplasty and edge-to-edge repair approaches in active investi-
gation. Annuloplasty may be accomplished via the coronary
sinus, whose course parallels the mitral annulus, by placing
devices that tension or reshape the coronary sinus to cause
contraction of the mitral annulus, with displacement of the
posterior mitral annulus toward the septum. Several of these
devices have shown efficacy in preclinical experience and are
now entering clinical trials. Some of the challenges involved
with this approach include the variability of the coronary
sinus in its anatomic relation to the mitral valve annulus, the
course of the circumflex coronary artery and its branches over
or under the coronary sinus, and the potential for injury to
the thin-walled sinus. To overcome those limitations, trans-
ventricular approaches are also under development, which
involve plication of the mitral annulus percutaneously via
annular sutures placed by a retrograde approach (across the
aortic valve and into the space between the posterior leaflet
and the lateral left ventricular wall).

Another surgical approach for mitral valve repair
involves the plication of the free edges of the two mitral
leaflets using a suture or pledget, with a resultant bow tie
or double-orifice mitral valve. This edge-to-edge technique
was pioneered by Alfieri in the early 1990s (82). A percuta-
neous method to deliver a clip to the mitral leaflets via
a trans-septal approach has been used successfully in a 40-
patient Phase 1 trial (83). The resultant double-orifice repair
is similar to the surgical repair, ultimately being main-
tained by fibrosis of the clip with a tissue bridge. The pro-
cedure is done using transesophageal echocardiographic
guidance so the results of clip placement can be evaluated
during the procedure, in a manner analogous to the evalu-
ation of the results of surgical repair on the operating table.
In the event that adequate control of the mitral regurgita-
tion is not achieved, a second clip may be used, or the clip
may be withdrawn with no apparent harm to the mitral
leaflets. The randomized trial comparing percutaneous
edge-to-edge mitral repair to surgical mitral repair is now
underway.

From the above discussion, it is clear that percutaneous
treatments for valvular heart disease (84) are poised for
major technical and clinical growth over the next decade. In
some cases, the percutaneous approach may be a treatment
for patients with critical valve disease and no (or probabil-
ity of high risk) surgical option, a treatment for patients
with regurgitant lesions at an earlier point in their natural
history (before surgical repair would typically be employed,
in an effort to prevent progressive ventricular dysfunction),
or perhaps as a true alternative to surgical valve correction
(akin to what percutaneous coronary intervention now
offers relative to bypass surgery). Issues regarding optimal
device design, indications, safety, and efficacy still need to
be worked out, however, before the position of these excit-
ing new catheter-based therapies can be established relative
to conventional medical and surgical treatments.
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Intervention
Briain MacNeill Kenneth Rosenfield 

Although the primary focus of cardiovascular specialists
remains the diagnosis and treatment of cardiac disorders,
they are increasingly adopting a strategy of global vascular
management that also involves treating the noncoronary
manifestations of atherosclerosis. This is appropriate,
given that peripheral arterial disease (PAD) and coronary
artery disease (CAD) share the same etiology and risk fac-
tors, coexist in the same patients, and may each cause
disabling or life-threatening symptoms (stroke, renal
ischemia, claudication, or limb loss). Furthermore, treat-
ment of one may be influenced by the other. For example,
patients requiring vascular surgery generally have an
increased cardiac risk because of the increased prevalence
of CAD, patients with severe carotid artery disease have
increased incidence of stroke during coronary bypass
surgery; and patients with severe renal artery disease and
associated hypertension are liable to worsening of under-
lying cardiac conditions and an increased risk for
contrast-induced renal dysfunction during coronary inter-
vention.

With that background, invasive and interventional car-
diologists are increasingly undergoing the additional train-
ing required to understand the natural history, noninvasive
workup, angiography, and therapeutic alternatives (med-
ical, surgical, and catheter based) that are relevant to the
management of these conditions. This chapter is one of
three on peripheral vascular disease included in this book.
The main focus of this chapter is on catheter-based inter-
ventional techniques; the reader is also referred to Chapter
14 for additional information on angiography of the aorta
and peripheral arteries and to Chapter 34 for integration of
clinical, diagnostic, and therapeutic aspects in real-life case
profiles, organized in the same head-to-foot sequence of
regional techniques.

GENERAL CONSIDERATIONS

The pathophysiologic basis of atherosclerosis of the
peripheral arteries is identical to that in coronary arteries
and is associated with the same risk factors—positive fam-
ily history, tobacco smoking, diabetes mellitus, hyperten-
sion, hyperlipidemia, advanced age, and inactivity. The
estimated prevalence of PAD in people older than 65 years
of age is approximately 20%, likely underestimated by the
large number of patients whose peripheral vascular disease
(PVD) symptoms are overlooked or falsely attributed to
other causes (deconditioning, arthritis, sciatica). As is the
case in CAD, symptoms related to PAD generally do not
occur until the atherosclerotic process has narrowed the
vessel diameter by at least 50%; similarly, the mere pres-
ence of a lesion �50% does not imply that the patient
will be symptomatic (i.e., if an ample collateral supply is
present).

The range of symptoms depends on the vascular territory
involved. In the limbs, the most common symptom is
intermittent claudication, described variably as pain, tight-
ness, aching, soreness, hardness, or heaviness that occurs in
the calf, buttock, hip, or arch of the foot during ambulation
and resolves with rest, similar to the pattern of exertional
angina in CAD. This may range from mild lower extremity
discomfort during intense exercise to severe symptoms on
minimal exertion or even at rest. More advanced ischemia
leads to tissue necrosis, manifested as painful ulceration or
frank gangrene. In the cerebral circulation, the dominant
symptom is transient neurologic dysfunction owing to
embolic events or post-stenotic ischemia from underperfu-
sion, or permanent cerebral damage owing to occlusion
(stroke). In mesenteric vessels, the extensive collateral circu-
lation generally prevents symptoms from developing until
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several major vessels are occluded or critically narrowed, at
which point abdominal angina or bowel infarction may
ensue. Renal artery stenosis, in contrast, may cause progres-
sive loss in renal mass and function or severe arterial hyper-
tension via activation of the renin-angiotensin system, since
collateral supply is limited. The cardiovascular disease
specialist must be familiar with the range of symptoms and
findings related to vascular disease in each arterial territory,
the natural history, the indications for intervention, and the
therapeutic alternatives. 

As indicated in Chapter 14, approximately 70% of PAD
patients will remain unchanged or even become less symp-
tomatic after 5 to 10 years—with �30% progressing to
require intervention and �10% needing amputation. The
slow progression of symptoms should thus temper aggres-
sive recommendations for invasive therapy in PAD, except
in two unique subgroups: patients with diabetes mellitus
(who have a higher likelihood of developing critical limb
ischemia and seven times greater chance of progressing to
amputation), and patients who develop acute limb
ischemia (ALI; 1,2). ALI most commonly occurs as a result
of embolic arterial occlusion (usually from a cardiac source
such as atrial fibrillation), in situ thrombosis of a diseased
native extremity vessel or bypass graft, or spontaneous
thrombosis as the result of a hypercoagulable state. The

clinical presentation of acute limb ischemia is typically a
dramatic one; there is the acute onset of severe pain,
followed shortly thereafter by paresthesia, and ultimately,
motor dysfunction (i.e., paralysis). On examination, the
extremity is cool, pale, and pulseless. Rutherford and col-
leagues (3) have described a series of clinical categories of
limb ischemia (Table 26.1) with well-defined diagnostic
criteria that help determine whether the affected limb is
viable, in imminent jeopardy (e.g., threatened), or already
irreversibly damaged. These are analogous to the Rutherford
criteria for chronic limb ischemia (Table 26.2). (Para-
doxically, it is the patient with less underlying atherosclerotic
PVD and poorly developed collateral circulation—e.g., the
patient with atrial fibrillation who develops sudden
embolic occlusion of a normal common femoral or
popliteal artery—who develops the most acute ischemia.)

Once the indications for invasive therapy are clear (Table
26.3), and the anatomic substrate has been defined, the
choice must be made between conventional surgery and
catheter-based techniques. The details of surgical therapy
are beyond the scope of this chapter, but typically involve
either plaque removal (endarterectomy) or placement of
natural (saphenous vein) or prosthetic (Dacron or PTFE)
materials to bypass or substitute for the diseased native
artery. In some situations, such as the carotid artery, surgical
removal of the obstructing atheroma (i.e., carotid endarterec-
tomy) is preferred over bypass. In general, these operations
are undertaken using general anesthesia, with significant
potential blood loss and fluid shifts, in patients who may
have profound involvement of other critical organ supply
(e.g., extensive coronary artery disease). When it is possible
to provide a similar level of correction and durability of
benefit with catheter-based (e.g., endovascular) treatments,
risk and disability may be minimized.

Endovascular therapy—the subject of this chapter—
shares the same heritage as coronary intervention (see
Chapter 24), through the pioneering work of Dotter,
Judkins, Gruntzig, and others (4–7). In fact, most of the
techniques now used in the coronaries (balloon dilatation,

FACTORS INFLUENCING DECISIONS
REGARDING INVASIVE THERAPY FOR
PERIPHERAL VASCULAR DISEASE

TABLE 26.1

1. Natural history of the disease (likelihood of progression/
regression)

2. Degree of ischemia (Rutherford category)
3. Current effect of the disease on mortality, morbidity, and lifestyle
4. Anticipated benefit of interventional therapy
5. Anticipated cost
6. Potential for complications
7. Patient preference

CLINICAL CATEGORIES OF ACUTE LIMB ISCHEMIA
TABLE 26.2

Muscle
Doppler Signals

Category Description Capillary Return Weakness Sensory Loss Arterial Venous

Viable Not immediately Intact None None Audible (ankle pres- Audible
threatened sure �30 mm Hg)

Threatened Salvageable if Intact, slow Mild, partial Mild, incomplete Inaudible Audible
promptly treated

Irreversible Major tissue loss, Absent (marbling) Profound, Profound, Inaudible Inaudible
amputation regard- paralysis anesthetic
less of treatment

Adapted from Rutherford RB, Flanigan DP, Guptka, SK. Suggested standards for reports with lower extremity
ischemia. J Vasc Surg 1986;4:80.
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stenting, atherectomy) were first used in the peripheral
circulation. Recent innovations that have made such thera-
pies safer and more effective include lower-profile catheters,
lubricious guidewire coating, debulking techniques, and
endovascular stents (Fig. 26.1; 8–10). Outcomes have also
been improved by innovations and improvements in imag-

ing techniques, such as digital enhancement of conven-
tional contrast images (see Chapter 14) and intravascular
ultrasound (IVUS; See Chapter 19). The latter provides a
cross-sectional view of the vessel similar to a histologic
section and better comprehension of the mechanisms
responsible for successful angioplasty (11–15).

CLINICAL CATEGORIES OF CHRONIC LIMB ISCHEMIA
TABLE 26.3

Grade Category Clinical Description Objective Criteria

0 0 Asymptomatic Normal treadmill/stress test
1 Mild claudication Completes treadmill exercisea, ankle pressure after

exercise �50 mm Hg but �25 mm Hg less than brachial
I 2 Moderate claudication Between categories 1 and 3

3 Severe claudication Cannot complete treadmill exercise and ankle
pressure after exercise �50 mm Hg

II 4 Ischemic rest pain Resting ankle pressure �60 mm Hg, ankle or
metatarsal pulse volume recording flat or barely
pulsatile; toe pressure �40 mm Hg

5 Minor tissue loss—nonhealing ulcer, focal Resting ankle pressure �40 mm Hg, flat or barely 
gangrene with diffuse pedal ischemia pulsatile ankle or metatarsal pulse volume recording; 

toe pressure �30 mm Hg
III 6 Major tissue loss—extending above Same as category 5

transmetatarsal level, functional foot
no longer salvageable

a Five minutes at 2 mph on a 12% incline. Adapted from Rutherford RB, Flanigan DP, Guptka SK. Suggested 
standards for reports dealing with lower extremity ischemia. J Vasc Surg 1986;4:80.

Figure 26.1 Percutaneous revascularization in 84-year-old female, whose ability to live indepen-
dently is compromised owing to bilateral iliac artery occlusion and resulting severe (Rutherford class III)
claudication. Lubricious, hydrophilic guidewire (Glidewire) facilitates traversal of lengthy, chronic iliac
occlusion, low-profile high-pressure balloon provides effective dilation, and stenting enables result
superior to balloon angioplasty alone. Availability of these technologies enhances outcome and low-
ers threshold for intervention in such high-risk patients, who would not meet the higher threshold
required for major surgical bypass. In this patient, anticipated fem-fem grafting was cancelled, since
symptoms improved enough to resume independent living after balloon angioplasty (PTA)/stent.



alternatives available and their expected outcomes, (c) the
techniques used during an intervention, and (d) the poten-
tial complications. In the remainder of this chapter, we will
review the various percutaneous treatments available for
disorders in each region of the body, progressing from the
thorax to the lower extremities.

THORACIC AORTA

Disorders of the thoracic aorta requiring correction include
coarctation, dissection, aneurysm, and patent ductus arte-
riosis (see Chapter 14). Until recently, surgery—often high
risk—was the only option available for intervention at this
level. The introduction of very large, low-profile balloons
and oversized stents married to prosthetic graft material
(stent grafts), has enabled the endovascular repair of many
thoracic aortic disorders, particularly in patients with other
comorbid conditions that may have previously excluded
them from complex surgical correction. 

Coarctation of Thoracic Aorta

Coarctation in Infancy

Coarctation of the thoracic aorta is a rare congenital disor-
der that typically presents early in life (younger than 5
years). Although it may be isolated or idiopathic, it is more
commonly associated with various congenital cardiac dis-
orders, including bicuspid aortic valve, hypoplastic left
heart syndrome, or ventricular septal defect (VSD). For
severe cases, correction is typically required during the first
year of life to prevent complications such as coronary heart
failure (CHF), severe hypertension, and cardiomyopathy
(see also Chapters 27, 33, and 34).

Adult Coarctation 

De novo coarctation can also present in adulthood.
Although there is not universal agreement about the treat-
ment of these patients, a consensus is developing that
balloon angioplasty should be used as the initial treatment
modality, although others have recommended its restric-
tion to patients with recurrent coarctation after surgery
(Fig. 26.3; 17–20). In a series of 970 patients, the acute and
long-term results of PTA for native and recurrent coarcta-
tion were found to be equivalent or slightly better in the
native group (17). The treatment may be further improved
by stenting, including the use of covered stent grafts for
treatment for the pseudoaneurysm or aneurysm that may
occur as a delayed complication of balloon angioplasty or
surgical therapy of thoracic coarctation (18,20,21). To min-
imize dissection and recoil, and to reduce the relatively
high incidence of restenosis (up to 44%), some interven-
tionalists believe that primary stenting is appropriate
(21,22).
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When catheter-based therapy is possible, it is attractive
to patients, providers, and insurers, since it can usually be
performed as a cost-saving same-day procedure with low
morbidity and rapid convalescence. Even in instances
where the degree of revascularization is not as complete or
where symptomatic improvement may not be as durable,
the reduced morbidity of a catheter-based therapy may
make it attractive in high-risk patients (such as those with
both severe CAD and limb-threatening ischemic ulceration
owing to infrapopliteal disease, where restoration of ante-
grade flow is required for ulcer healing and long-term limb
salvage; 16). Lower-risk, partial revascularization by percu-
taneous means may thus be preferable to higher-risk
attempts at complete surgical revascularization, particu-
larly in high-risk patients with advanced age or other
cardiovascular disease. The availability of effective less
invasive percutaneous options for revascularization has
also led to a re-evaluation and reduction of the threshold
for intervention. For example, a patient whose claudication
is not severe enough to warrant major surgical bypass may
nonetheless be appropriate for percutaneous transluminal
angioplasty (PTA; Fig. 26.1). Indeed, the less invasive
endovascular approach is increasingly preferred for initial
therapy, as cardiologists and vascular surgeons acquire
endovascular skills and reserve surgery for the occasional
failed intervention (Fig. 26.2).

The current recommendations for revascularization at
various peripheral sites are summarized in Table 26.4.
Since therapy for many sites is evolving rapidly, vascular
specialists must have a comprehensive understanding of all
aspects of a given revascularization procedure including:
(a) the indications for intervention, (b) the therapeutic

Figure 26.2 A. Aortography demonstrating an occluded left
common iliac and a high-grade right common iliac lesion (arrow).
B. Follow up angiography demonstrating a hybrid treatment with
endovascular treatment of the right common iliac stenosis with a
balloon-expandable stent (black arrow) combined with a fem-fem
bypass seen distally (white arrow) to vascularize the left lower limb.
(Compliments of Dr. D. Drachman, Massachusetts General Hospital,
Boston, MA.)
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Iliac and
infrarenal
aorta
Stenosis or

occlusion

Aneurysm

Common
femoral

Profunda
femoris

Approved, but
many feel
acute results
not as
favorable
and
restenosis
more likely
than with
stents.

Reserved for
patients with
severe
fibrosis
owing to
previous
surgery.
Some reports
of PTA as
first line of
therapy in
selected
patients.

Reserved for
cases of at
least
moderately
severe
ischemia.
Stakes high if
SFA
occluded
already.

Approved for
suboptimal
PTA result.
Most useful
for complex
stenosis or
occlusion.
Primary
stenting likely
improves
results and
reduces
restenosis.

Endografts
approved as
first line of
therapy for
high-risk
surgical
candidates
with
anatomically
suitable AAA.

Not approved.
Flexible self-
expanding
stents may be
used under
certain
“salvage”
situations.

Not approved,
but anecdotal
success.

Essential for Rx
of recent
occlusion
(�1 month).
Also may be
used for
chronic
occlusions.

Preliminary
experience
with early
covered
stents not
better than
bare metal,
but more
recent
studies may
show
benefit.

Coils and
occlusion
devices
required to
eliminate
internal iliac
and branch
flow in some
instances of
AAA endo-
grafting.

Reserved for
cases of
severe,
diffuse
disease or
lengthy
occlusions;
deemed
inappropriate
for
PTA/stent.

Remains
current
accepted
gold
standard for
conventional-
risk patients. 

Preferred treat-
ment
(endarterec-
tomy with or
without
patch), espe-
cially if in
association
with proxi-
mal/distal
bypass.

Preferred
treatment for
proximal
disease
(endarterec-
tomy with or
without
patch).
Mid/distal
vessel not
easily
accessed.

�2/3

AAA � 5 cm
diameter
and/or
rapidly
expanding in
high-risk sur-
gical patient;
AAA causing
thromboem-
bolism.

�2/3

�4

�3

AAA � 5 cm
and/or rapidly
expanding;
AAA causing
thromboem-
bolism.

�2/3

�3

REVASCULARIZATION STRATEGY FOR VARIOUS LOCATIONS (AS OF 2005) 
TABLE 26.4

Revascularization Strategy

Arterial
Site and Balloon
Lesion Angioplasty
Type (PTA) Stent Thrombolysis Other Surgery Percutaneous Surgery

Adjunctive Therapy

Percutaneous
Clinical Indication
(e.g. Rutherford
category/other)a
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SFA/
popliteal

Stenosis

Occlusion

Infra-
popliteal

Treatment of
choice for
short lesions.
Can be used
in lengthy
lesions as
initial
treatment:
long-term
results less
favorable,
but risk is
less than
surgery.

Treatment of
choice for
short (�7 cm)
occlusion.

Appropriate
choice for
treatment of
discrete
stenosis or
focal
occlusion.

Self-expanding
stents
approved for
use where
PTA results
suboptimal.
Recent
reports of
favorable
results with
strategy of
primary
stenting
compared
with PTA
alone.

Self-expanding
stents
approved for
use in subop-
timal PTA
results. Many
believe should
be used
routinely for
occlusive
lesions to
enhance
patency.

Not approved.
Useful for
salvaging
failed PTA. 

Useful only if
nonocclusive
thrombus
present.

Use highly rec-
ommended
for recent
(�1 month)
thrombosis/
occlusion.
Few opera-
tors also pre-
fer for chronic
occlusion.
May convert
short or long
occlusion into
focal or seg-
mental steno-
sis, facilitating
treatment.

Useful for
recent
thrombosis or
thromboem-
bolism.

Atherectomy
(Fox Hollow,
Rotablator,
Excimer
laser) may be
useful to
debulk, but
no clear-cut
long-term
improvement
over PTA
alone.
Covered
stents show
some
promise, but
not widely
accepted.

Rotational or
Fox Hollow
atherectomy
may be useful
for debulking
calcified
lesions.
Excimer laser
useful for
debulking.
Positive
anecdotal
experience
with DES.

Reserved for
cases of dif-
fuse disease
deemed
inappropri-
ate for PTA

Previously,
treatment of
choice for
lengthy (e.g.,
�10 cm)
occlusion.
Practice
evolving as
stent use
more wide-
spread and
results
acceptable
with less
associated
cardiovascular
risk com-
pared with
surgery.

Treatment of
choice for
lengthy
diffuse
disease/long
occlusion(s),
and not suit-
able or high-
risk for
percutaneous
Rx.

�2/3

�3/4

�3

�4

(continued)
TABLE 26.4

Revascularization Strategy

Arterial
Site and Balloon
Lesion Angioplasty
Type (PTA) Stent Thrombolysis Other Surgery Percutaneous Surgery

Adjunctive Therapy

Percutaneous
Clinical Indication
(e.g. Rutherford
category/other)a

(continued )
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Subclavian
stenosis/
occlusion

Vertebral
and
basilar

Carotid
Innominate

and
common
carotid
(intratho-
racic)

Initial treatment
for stenosis.
Successful in
most
occlusions.

Preferred
treatment for
proximal or
midvessel
stenosis.

Preferred
therapy (with
stents to
prevent
recoil) for
lesions in this
location,
which are
inaccessible
for CEA

Many prefer as
definitive
therapy.
Choice of
balloon
expandable
or self-
expanding
depends on
anatomical
location and
potential for
stent
compression.

Not approved,
but useful or
preferred for
optimal
result,
especially
proximal
vertebral,
where recoil
is common.

Adjunct stenting
preferred,
owing to high
incidence of
recoil and
heavily
calcified
lesions at
origins of
CCA/in-
nominate

Indicated for
recent occlu-
sion (�1
month). May
facilitate PTA
in chronic
occlusion,
but little
published
experience.

Useful and
potentially
lifesaving in
acute/sub-
acute
thrombosis.

No published
data.

Distal protec-
tion of the
ipsilateral
vertebra may
be advisable
depending
on the
angiographic
appearance
and the
position of
the stenosis.

Distal
protection
advisable,
although
may be
technically
challenging
for ostial
CCA lesions.

Reserved for
patients
unsuitable
for PTA and
stenting.

Reserved for
PTA failures
and
symptomatic
occlusions.

Many surgeons
prefer (e.g.,
subclavian to
carotid
bypass) as
first line
therapy for
symptomatic
patients. No
definitive
comparison
with CAS.
Surgery
definitely
appropriate
if poor PTA
candidate,
e.g., hostile
aortic arch.

Moderate arm
claudication,
subclavian
steal
syndrome,
coronary
steal
syndrome, or
coronary
steal via
internal
mammary
artery.

Unequivocal
symptoms of
VBI: visual/
vestibular
disturbance,
posterior
circulation
TIA. For
basilar-acute
occlusion/se-
vere stenosis
with uncon-
trolled side
effects

Mild-to-severe
symptoms,
or asymp-
tomatic with
stenosis �80
or 85%.
Possible role
preop before
CABG.

Severe arm
claudication
and/or
subclavian steal
syndrome, not
amenable to
percutaneous
therapy.

Severe
symptoms of
VBI; PTA
impossible or
unsuccessful.

Moderate-to-
severe
symptoms.

(continued)
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Bifurcation
and proxi-
mal ICA

Renal
FMD

Atheroscler-
otic (ostial
or non-
ostial)

Experimental
but favorable
results in
recent,
nonrandom-
ized clinical
trials (if
performed
with
stenting).

Treatment of
choice.

Some prefer as
sole
treatment for
nonostial
lesions. For
ostial lesions,
incidence of
recoil and
restenosis
high.

Carotid artery
stenting
(CAS) at least
equivalent to
and probably
superior to
CEA for high-
risk patient
groups, as
defined by
the SAPPHIRE
study.
Multiple
prospective
studies
underway
comparing
CAS with
CEA for
lower-risk
symptomatic
patients and
asymptomatic
patients.

Not approved.
Useful for
lesions with
recoil or
restenosis.

Treatment of
choice for
ostial and
proximal
lesions. Most
prefer for all
atheroscle-
rotic lesions.

Anecdotal
reports of
successful
use in
conjunction
with PTA and
stent for
active or
acute lesion.

Reserved for
acute
thrombosis,
an infrequent
event.

Embolic
protection
recom-
mended.
IIB/IIIA
inhibitors
rarely used
on individual
case basis.

Embolic
protection
devices show
promise in
reducing
atheroem-
boli and may
help prevent
renal deteri-
oration.
Studies
underway.

Accepted gold
standard for
lesions
amenable to
CEA.

Reserved for
branch
stenosis or
aneurysmal
disease not
amenable to
PTRA.

Effectively
replaced by
stenting as
gold
standard for
atheroscle-
rotic RAS.
Reserved for
RAS arising
within aortic
aneurysm,
inaccessible
for PTRA/
stent, and for
occlusions
requiring
revascular-
ization.

Symptomatic
or critical
asymp-
tomatic
stenosis, if
CEA not
feasible;
possibly for
high-risk CEA
patients.

Moderate
HTN;
accelerated
or refractory
HTN; renal
insufficiency.

HTN refractory
or resistant 
to med Rx;
accelerated
HTN; progres-
sive renal
dysfunction;
CHF; angina.
No benefit
yet demon-
strated when
creatinine
normal and
HTN easily
controlled by
med. Rx.

Fulfill NASCET
or ACAS
criteria.

Accelerated or
refractory HTN;
not amenable
to PTA.

Same
indications for
PTRA, when
PTRA
technically not
feasible.
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Technique

Access to the coarctation is largely dependent on its loca-
tion. Most lesions are at the isthmus, adjacent to the liga-
mentum arteriosum and just distal to the subclavian artery.

The retrograde femoral approach is preferred. Prograde
access via the left subclavian or innominate artery (brachial
approach) is possible, although the large profile of the bal-
loons/stents required for treatment may present an
increased risk for brachial artery injury. A pull-through
technique, using combined femoral and brachial (or trans-
septal) access, enables control of both ends of a single
(0.035-inch) guidewire to help counteract the forceful jet
of aortic blood flow and thereby facilitate accurate stent or
stent–graft placement. 

Balloon diameter should not exceed 1.1 times the size
of the adjacent isthmus or descending aorta; sizing to the
diameter of the post-stenotic dilation may lead to aortic
rupture or dissection particularly in the thin-walled post-
stenotic segment. Sizing should therefore be conservative,
as complications can be catastrophic. The pressure gradient
need not be completely eliminated to achieve a successful
hemodynamic and clinical outcome. Intravascular ultra-
sound may be very useful for assessing vessel size and the
result of intervention. Finally, in the current era, large stent
grafts and aortic occlusion balloons should be available,
and operators should be familiar with their us in the event
of potentially catastrophic rupture or dissection complicat-
ing dilatation of an aortic coarctation. For operators with-
out familiarity with stent grafts or balloon occlusion, col-
laboration with vascular surgery and/or radiology colleagues
is appropriate. 

Mesenteric Reasonable
first line of
therapy, but
untested.
Compared
with surgery.

Treatment of
choice for
ostial lesions.
May be less
favorable for
lengthy
lesions,
thrombotic
lesions, and
occlusions.

Previously
accepted
standard but
PTA/stent
likely equal
with less risk,
if lesion
favorable.

Significant
clinical
evidence of
mesenteric
ischemia.

Clearcut
evidence of
mesenteric
ischemia and
PTA/stent
not feasible.

a Indications vary widely depending on risk–benefit ratio of a given procedure in a given patient. These are
intended as general guidelines only.
AAA, Abdominal aortic aneurysm; CABG, Coronary artery bypass grafting; CEA, Carotid endarterectomy; CHF,
congestive heart failure; DA, directional atherectomy; DES, Drug eluding stent; FMD, fibromuscular dysplasia;
HTN, hypertension; Med Rx, medical therapy; NA, not applicable; PTA, percutaneous transluminal angioplasty;
POBA, plain old balloon angioplasty; PTRA, percutaneous transluminal renal angioplasty; RAS, renal artery steno-
sis; Rx, treatment; SFA, superficial femoral artery; VBI, vertibo-basilar insufficiency.

(continued)
TABLE 26.4
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Pre–balloon angioplasty Post–balloon angioplasty

Figure 26.3 A. Aortography demonstrating aortic coarctation
with dilatation of the greater vessels of the neck. B. Post balloon
angioplasty aortography demonstrates improvement of the coarc-
tation. (Compliments of Dr. I. Inglessis, Massachusetts General
Hospital, Boston, MA.)



Thoracic Aortic Aneurysm 

Considerable controversy exists regarding the indications
and threshold for repair of thoracic aortic aneurysms
(TAAs; 23–25). The relative infrequency (compared with
abdominal aortic aneurysm), lack of associated symptoms,
and the perception that conventional surgical repair is
associated with significant risk of spinal cord ischemia and
paralysis limits enthusiasm for aggressive diagnosis and
referrals for repair. Despite the tendency to ignore or treat
medically, available data suggest that the natural history of
TAA may be similar to that of abdominal aortic aneurysm
(AAA): both can be expected to progress and potentially
rupture, particularly if the diameter is �5 cm or there is
associated dissection (see Chapter 14). For patients selected
for surgery, significant morbidity or mortality in the hands
of even the most experienced surgeons remains in the
range of �10%. The advent of stent grafts has provided a
catheter-based alternative treatment, especially for high-
risk patients. In a landmark report, Dake and colleagues
(26) described the first series of patients undergoing
endovascular TAA repair using stent grafts (see Chapter 34).
Although this study was not controlled or randomized,
updated preliminary results from the same group show a
6.8% 30-day mortality, which is superior to surgical series
of TAA repairs (27).

Subsequent studies have proven endovascular repair
of thoracic aortic aneurysms to be attractive options, par-
ticularly in high-risk cases. Anatomically favorable TAAs
are those that do not involve the great vessels of the aor-
tic arch, have a 1- to 2-cm neck of aorta (beyond the sub-
clavian origin) to anchor the stent, and have suitable dis-
tal aortoiliac vessels to enable access with the large (22 to
28 French) sheath. The etiology and extent of the
aneurysm and coexisting distal disease thus must be
clearly defined (by chest radiograph, spiral computed
tomography [CT] scan with three-dimensional recon-
struction, magnetic resonance imaging [MRA], and for-
mal angiography) prior to undertaking stent grafting
(28–31). A strategic approach must be developed in
advance to ensure optimal stent deployment and avoid
potential adverse events like graft migration by systolic
flow. A number of purpose-specific newer stent–graft
designs are being developed for treatment of TAA, to
replace the homemade devices used in early clinical
experience. Some, for example, incorporate side limbs
for the greater vessels to enable more proximal anchor-
ing. Hybrid strategies involving a combination of surgi-
cal and endovascular techniques are also feasible, includ-
ing carotid to subclavian bypass combined with stent
grafting across the subclavian origin (used for aneurysms
that involve the left subclavian origin). As is the case
with stent grafts placed at other sites, collaboration
among specialists (surgeons and endovascular special-
ists) is essential for the successful completion of these
procedures.

Aortic Dissection

Acute dissection of the aorta is a catastrophic illness.
Although the incidence is relatively low (approximately
two cases per 100,000 of population), the consequences
are frequently devastating. The International Registry of
Acute Aortic Dissection (IRAD) reported a 28% in-hospital
mortality of aortic dissection (32,33). Untreated dissec-
tions of the ascending aorta (DeBakey type I or II/Stanford
type A) carry a 90% 3-month mortality, owing to extension
with cardiac tamponade, aortic regurgitation, myocardial
infarction, and stroke. Although dissection limited to the
descending aorta (DeBakey type III/Stanford type B) car-
ries a more favorable outcome, its manifestations include
ischemic complications in up to 30% of cases and late rup-
ture in up to 20% of patients over their lifetimes (34). In
the past, asymptomatic dissections were treated simply
with antihypertensive therapy, but it is now apparent that
30 to 40% of these patients will ultimately suffer an aortic-
related death or require urgent aortic surgery (35). The
mortality for surgical repair in the setting of end organ
ischemia approaches 50%, particularly in patients with
ongoing visceral infarction or hemodynamic instability
(25,36,37). Consequently, novel interventional approaches
for management of both acute and chronic aortic dissec-
tion have been sought. There are currently three interven-
tional approaches for treating acute and chronic aortic dis-
section—aortic stent grafting of the dissection entry site,
balloon fenestration, and prophylactic stenting of the vis-
ceral arteries.

The most common acute complication is peripheral or
visceral ischemia, typically arising owing to one of two
causes (38,39). The first results from a proximal dissection
plane without distal communication, allowing flow into a
false lumen that progressively expands and compresses the
true aortic lumen. The second is visceral or lower limb
ischemia arising from extension of the dissection plane
across the origin of branching vessels, occluding their blood
supply by thrombus formation or mechanical obstruction
arising from the dissection flap. Because the pathophysiol-
ogy of aortic dissection frequently involves more than one
of these processes occurring simultaneously, the interven-
tional strategy for a given patient is unique, involving care-
ful evaluation and a multidisciplinary approach. Each of
the interventional strategies is designed to address or palli-
ate a specific cause. The choice of therapy must take into
consideration the degree of true lumen compression, the
extent and patency of the false lumen, compromise of
major branch vessels, presence of multiple proximal and
distal natural fenestrations, and the ability to precisely
image the origin of the dissection and the origin of the
branch vessels. Equally important in deciding on appropri-
ate therapy is the clinical status of the patient, especially the
pulse examinations, symptoms, and serum markers indica-
tive of ischemia that allow appropriate treatment and its
timing to prevent end organ tissue loss.
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The most dramatic interventional procedure recently
introduced for this condition is endovascular stenting of
the proximal portion of the origin or “in-flow” of the dis-
section plane. The aim is to direct flow away from or to
occlude the origin of the dissection, resulting in false
lumen thrombosis and subsequent absorption of the intra-
mural hematoma. A complicating issue with this interven-
tion is the fact that the false lumen pressure usually
exceeds the true lumen pressure, thereby requiring high
stent deployment pressures to adequately compress or
occlude the false lumen. These pressures may exceed the

strength of an already diseased aorta. In such cases, Dake
and Kato have described endovascular repair of the pri-
mary entry tear using stent grafts in the descending tho-
racic aorta (40,41). 

Endovascular fenestration (Fig. 26.4) is a technique
designed to minimize extension of the dissection plane or
progressive compression of the true lumen. Its effect is
most dramatic when there is minimal distal communica-
tion between the true and false lumens and in the presence
of end organ ischemia. It functions by creating a channel
between the true and the false lumens (a) to equalize their

Figure 26.4 Aortic fenestration for acute aortic dissection in 42-year-old male with refractory
severe hypertension (HTN), persistent pain owing to extending dissection, and ongoing lower
extremity ischemia and acidosis. Considering hemodynamic instability and anticipated difficult
recovery from surgery owing to partial spinal cord paralysis, fenestration was performed after diag-
nostic angiography. Bilateral femoral access required. A. Angiography shows classic flap (arrow) in
thoracic aorta. B. Compression by false lumen obliterates descending aortic true lumen below renal
arteries. Nephrogram seen on right (arrows), but not on left; underperfusion of left kidney is respon-
sible for refractory HTN. C. Intravascular ultrasound shows false lumen (FL) compressing true lumen
(TL) and directs Brockenbrough needle (b) toward aortic flap (f). D. After fenestration, injection
through Mullins dilator shows contrast in false lumen and left renal artery. E. Large balloon enlarges
fenestration. F. Final angiogram after fenestration and stenting of distal abdominal aorta and com-
mon iliac arteries shows simultaneous filling of both renal arteries, restoration of outflow, and scaf-
folding of dissection flap. Patient’s hemodynamic status corrected instantaneously and recovery/reha-
bilitation were greatly accelerated by absence of surgical incision and general anesthetics. Patient
walking and stable 2 years postfenestration. Aortic size unchanged.



internal pressure, (b) to improve blood flow to vessels aris-
ing from the false channel, and (c) to limit the forces
responsible for distal propagation of the dissection (42,43).
Creating an egress for blood thus depressurizes the false
channel and may, in theory, reduce the aneurysmal dilata-
tion.

Type I and II (Stanford type A) dissections are more
challenging for percutaneous techniques. Standard therapy
for these dissections is surgical reconstruction of the aortic
arch, which should be performed early to prevent the sud-
den and devastating consequences of retrograde dissection
into the pericardium, right coronary artery, and cerebral
vessels. The surgeon typically completes the repair of the
aortic arch, but does not address the remaining portion of
the dissection flap, which extends into the descending and
sometimes abdominal aortic segments. Early results using
stent grafts, either in conjunction with surgery or later to
complete the repair of the dissected aorta, have been
encouraging (41).

Treatment Considerations and Technique 

Experience with percutaneous aortic fenestration is limited
to select centers. Time is of the essence in making decisions
regarding best treatment. Noninvasive imaging (with TEE,
CT, or MRI) must be performed to identify the primary
entry site and Stanford type of the dissection. Stanford
type A dissections are currently treated with surgical
repair. Stanford type B dissections that are stable and
asymptomatic can be medically managed while more
extensive evaluation is performed. Development of visceral
or lower limb ischemia in the presence of an adequate or
moderately compromised true lumen is optimally treated
with branch vessel stenting with or without fenestration of
the dissection flap. Severe compromise of the true lumen
usually requires a combination of endograft stenting of the
proximal dissection plane in addition to endovascular fen-
estration, and possibly, branch vessel stenting. 

Treatment requires bilateral femoral access, carefully
advancing guidewires to retain their position within the
true lumen. Complete aortography (starting with the left
anterior oblique [LAO] projection) from the aortic arch
down to the abdominal aorta and iliac arteries should be
performed prior to endovascular manipulation. On occa-
sion, natural fenestrations may have occurred at sites
where the native vessels are shorn off from the true lumen;
these may be traversed and used as a starting point for bal-
loon dilation. In most instances, however, the intimal flap
will need to be punctured with a trans-septal (or similar)
needle under intravascular ultrasound guidance, followed
by balloon dilatation and stenting of the intimal flap
below the fenestration site. The recently developed
CrossPoint TransAccess catheter system (Medtronic Inc.,
Minneapolis, MN), which integrates phased array IVUS
imaging with a needle delivery system, may be advanta-
geous for this indication. The fenestration creates a new
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egress for blood flow from the false channel and improves
organ and limb perfusion by resolving compression of the
true lumen (Fig. 26.4). Similar to treatment of coarctation,
large balloons/stenting and extensive peripheral vascular
skills are required for the treatment of dissection.

VESSELS OF THE AORTIC ARCH

Subclavian and Innominate Arteries

The vast majority of disease in these vessels is owing to ath-
erosclerosis, although giant cell arteritis (Takayasu) and
fibromuscular disease (FMD) can also cause clinically rele-
vant disease (see Chapter 14; 44). Clinical indications for
subclavian revascularization are listed in Table 26.5 (see
also Fig. 26.5). Routine examination (measurement of cuff
pressure and palpation of pulses in both upper extremities,
plus auscultation over the supraclavicular and subclavicu-
lar areas) will uncover a substantial number of patients
with asymptomatic subclavian disease. Asymptomatic
patients do not require treatment initially, but should be
followed closely for the development of related symptoms,
such as those related to subclavian steal or upper limb
ischemia. If coronary bypass surgery has or will likely be
performed to prevent coronary to subclavian steal and
resultant myocardial ischemia, preservation of the ante-
grade flow to the internal mammary conduit is important.

Subclavian and innominate PTA was first performed in
1980 and is now considered to be the treatment of choice
over surgical options for subclavian disease (carotid-
subclavian, aortosubclavian, or axilloaxillary bypass or
endarterectomy; 45). Most published series of subclavian
PTA report technical success and complication rates
consistently �90% and �10%, respectively (46–48).
Primary stenting may further improve these results (49).

INDICATIONS FOR SUBCLAVIAN OR
INNOMINATE ARTERY REVASCULARIZATION

TABLE 26.5

Symptomatic  ischemia of the posterior fossa (e.g., vertebral-
basilar insufficiency)

Symptomatic subclavian steal syndrome
Disabling upper extremity claudication
Preservation of flow to LIMA/RIMA

Preop coronary bypass surgery, where LIMA/RIMA will be used
Postop CABG LIMA/RIMA with ischemia (with or without 

coronary-subclavian steal syndrome)
Preservation of inflow to axillary graft or dialysis conduit
"Blue-digit" syndrome (embolization to fingers)
Inability to measure blood pressure
Progressive stenosis or thromboembolus threatening cerebral

blood supply

CABG, coronary artery bypass graft; LIMA, left internal mammary
artery; RIMA, right internal mammary artery.
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Complications are generally minor and infrequent, but may
include problems at the femoral or brachial access site, as
well as inadvertent “jailing,” dissection, or embolization of
the vertebral or left internal mammary artery (LIMA),
which may resolve after lytic therapy. Alternatively, these
complications may be prevented using embolic protection
of the vertebral or internal mammary arteries (see Chapter
23). Recurrence rates are generally low (5 to 10%; 50).

Direct comparison between surgery and PTA for subcla-
vian disease is hampered by the absence of randomized
controlled studies. Hadjipetrou et al. (51), in a multicenter
analysis, compared the results of primary subclavian stent-
ing in 108 patients with those of 2,496 surgical patients
reported in 52 papers from the literature (1966 and 1998).
The surgical series had complications of stroke in 3%, mor-
tality in 2%, and overall complications in 13% of patients;
the stent series had 0% stroke, 0% death, and 6% overall
complications. Recurrence rate was 12% for surgical series
and 3% for stent series, although follow-up was shorter in
the latter. These data, however, mostly relate to stenotic
disease rather than occlusive disease, which has a lower
chance of success (50 to 75%) and an increased risk of

embolization of thrombus or atheroma into the cerebral,
upper extremity, or coronary circulation.

Treatment Considerations and Technique 

Preprocedure
Thorough evaluation of the patient prior to undertaking
subclavian or angioplasty is essential. Noninvasive testing
should include duplex evaluation, with determination of
the direction of flow in the vertebral arteries (antegrade or
retrograde, the latter indicating the presence of a steal phe-
nomenon) and documentation of associated carotid dis-
ease. If there is a clinical suggestion of vasculitis, an eryth-
rocyte sedimentation rate (ESR) or C-reactive protein
(CRP) should be measured. Premedication with aspirin is
standard, with optional addition of clopidogrel. In cases of
subclavian occlusion, because nascent thrombus may
potentially lie in the segment immediately beyond the
occlusion, patients may benefit from anticoagulation for a
period of several weeks prior to revascularization.

Access
The femoral approach is used most commonly, but
requires careful catheter manipulation in the diseased aor-
tic arch to avoid atheroembolic complications. The brachial
approach may be useful and is preferred by some, particu-
larly for total occlusions that are flush with the aorta.
Embolization to the brachial artery can be controlled with
this approach, particularly if it is done via a cutdown,
although the current ability to deliver stents through 5F
and 6F sheaths usually makes percutaneous access prefer-
able. 

Catheters and Guidewires
A nonselective aortic arch angiogram, using a multiple-side-
hole catheter (i.e., a pigtail) should be obtained to provide
a “roadmap” prior to gaining selective access into the sub-
clavian or innominate artery. It may be possible to steer a
guidewire directly across a stenosis from the sheath, but
crossing a high-grade stenosis or total occlusion requires
prior selective cannulation of the subclavian with a diag-
nostic catheter (JR4, Cobra, Simmons, etc.) and advance-
ment of the guidewire through the catheter. The diagnostic
catheter may then be advanced over the wire and across the
stenosis, where it is used to measure a baseline pressure gra-
dient and place a longer or heavier guidewire, if necessary,
to allow exchange of the diagnostic catheter for either a
long sheath (5F or 6F, 80 to 90 cm) or a 7F to 8F coronary
multipurpose or right Judkins guiding catheter. Although
previously 0.035-inch balloon and stent systems were dom-
inant, 0.014- and 0.018-inch systems are now preferred
because of their lower profile and the ability to reduce
access size. The reduction of device profile enables subcla-
vian revascularization to be performed in a fashion analo-
gous to coronary intervention, placing a 6F to 7F guide in
the vessel origin, wire placement, and device delivery.

Figure 26.5 Subclavian artery stenting for blue digit syndrome.
Top left. Severe irregular stenosis in left subclavian, associated with
60-mm Hg reduction in left brachial cuff pressure and (bottom left)
painful embolic ulcer at fingertip. Top right. Balloon angioplasty
(PTA)/stenting (Palmaz P-204) performed via femoral approach
using 85-cm-long 7F sheath. Care used to avoid stenting over ver-
tebral origin. Bottom right. Healed ulcer 2 months poststent.



Balloons and Stents
Predilation is performed with an undersized (usually 4 to
5 mm in diameter) balloon, which can be used to select
final stent/balloon length and dimension. The guiding
catheter or sheath may be advanced over the balloon into
the distal vessel to facilitate passage of the stent, although
this is required less frequently with current low-profile
stents. A stent of appropriate size and length to cover the
lesion should be selected. Both balloon-expandable stain-
less steel and cobalt-chromium and self-expanding nitinol
stents have been used, but no stent has yet received specific
FDA approval for use in the subclavian artery. 

If the lesion is adjacent to the origins of the vertebral
and/or IMA, attempts should be made to avoid placing
these vessels into “stent jail.” Most left subclavian lesions
are located proximal to the vertebral artery, where use of
either balloon-expandable or self-expanding stents is rea-
sonable. For lesions located beyond the internal mammary
artery, self-expanding stents should be used to avoid the
potential for late stent compression by extravascular struc-
tures at the thoracic outlet. When stenting the brachio-
cephalic (innominate artery), care should be taken to
avoid impinging on the origin of the right common carotid
artery with a stent. Stents should be postdilated to match
the size of the subclavian artery (generally between 5 and
8 mm). Overdilation should be avoided to minimize the
risk of dissection that might extend into the vertebral artery
or internal mammary artery. If such dissections do occur,
they can often be salvaged by placement of a stent within
the origin of the affected branch vessel, although distal
extension of the dissection within the branch vessel may
render attempts at salvage futile. Following postdilatation,
pressure gradients may be repeated to demonstrate com-
plete elimination of the gradient. 

Follow-up
No data exist regarding the use of clopidogrel, though
many maintain this regimen for 4 weeks postprocedure.
During clinical follow-up, the resolution of symptoms
should be documented, equalization of blood pressures in
both upper extremities should be confirmed, and the
duplex study should show triphasic brachial waveforms
with restoration of normal antegrade flow in the vertebral
arteries. Restenosis within subclavian arteries occurs in 10
to 20% of patients and may be treated by stenting (if not
stented initially) or balloon angioplasty (for in-stent
restenosis). Use of brachytherapy or drug-eluting stents has
not been studied. Stent compression should be treated by
balloon re-expansion and placement of a self-expanding
stent within the old balloon-expandable stent.

Vertebral and Basilar Arteries

Vertebral artery stenosis is a common finding in patients
undergoing arch or subclavian angiography. Although the
vertebral artery is usually easy to access, revascularization is
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indicated only in patients with indisputable symptoms of
vertebral basilar insufficiency (VBI; Table 26.6). In rare
instances, a patient with a previously obstructed carotid
may present with classic carotid, as opposed to vertebral,
symptoms. In such cases, if the stenotic vertebral gives rise
to collaterals to the anterior circulation (via the posterior
communicating artery and the circle of Willis), then PTA of
the stenotic vertebral lesion may be justified (Fig. 26.6).
The significant downside of failed or complicated vertebral
PTA (including potentially fatal or disabling brainstem
cerebrovascular accident [CVA]) makes case selection criti-
cal. Before undertaking vertebral intervention, therefore, it
is important to define the pattern of intracerebral blood
flow and collateral circulation (with MRA or four-vessel
angiography). 

Intervention in the basilar artery is considered to be
even more dangerous than in the vertebral, as it is a termi-
nal vessel that is responsible alone for perfusion to a num-
ber of critical areas in the brainstem. Accordingly, basilar
artery PTA is reserved for the rare instances in which
patients present with symptoms unequivocally related to a
critical stenosis or acute occlusion. Revascularization in the
latter case often requires use of thrombolytic therapy and
can produce dramatic recovery of patients who were previ-
ously near death (52–55). Given the high stakes involved
in vertebral-basilar instrumentation, consultations with
neurology and neuroradiology are advisable when making
decisions regarding therapy for the posterior cerebral
circulation.

Treatment Considerations and Technique

The technique of vertebral angioplasty is similar to that for
subclavian (or ostial coronary) PTA. The femoral approach
is generally used, and a coronary guiding catheter or long
sheath (Fig. 26.6) is advanced into the proximal subclavian
artery over an introducing catheter or dilation to avoid
scraping any proximal plaque. The vertebral artery stenosis
is crossed with 0.014-inch or 0.018-inch wire, over which a
coronary or small-vessel balloon (2.5 to 4.5 mm) is
advanced to dilate the vessel. Careful neurologic evaluation
should be performed during and after the balloon infla-
tion. Intra-arterial nitroglycerin should be administered in
cases of distal spasm, to be distinguished from pleating
or pseudostenosis caused by guidewires straightening a

SYMPTOMS OF VERTEBRAL-BASILAR
INSUFFICIENCY (VBI)

TABLE 26.6

Visual disturbance Diplopia
Language/speech disturbance Global aphasia, dysarthria
Altered state of consciousness Confusion, syncope
Vestibular dysfunction Dizziness, vertigo
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tortuous vessel. Patients should be well heparinized, and
extreme caution should be applied to prevent air embolism.
Unlike many other vascular sites, routinely crossing the
dilated site with the guiding catheter is not recommended,
to reduce the potential for additional disruption of the
lesion and plaque embolization. For stenting ostial
lesions, stents should be placed either flush with the origin
or protruding 0.5 to 1.0 mm into the subclavian artery. Use
of embolic protection devices has not been formally tested

in this setting but may be appropriate in some of these pro-
cedures. Completion angiography with intracerebral views
and postprocedure neurology re-evaluation are both
useful.

Carotid Arteries

Stroke remains a leading cause of morbidity and mortality,
with 600,000 strokes occurring annually in the United

Figure 26.6 Right carotid and vertebral stenting in 65-year-old male with prior radical neck dis-
section and irradiation for laryngeal CA (residual tracheostomy, prior left hemispheric cardiovascular
accident [CVA] owing to left internal carotid artery [ICA] occlusion, left vertebral occlusion, and
recurrent syncopal episodes from global cerebral ischemia. A. Initial attempt to obtain guiding
catheter or sheath access in extremely tortuous right innominate (i) failed. B. Second attempt suc-
ceeded using 8F ArrowFlex sheath (sh), which provided adequate support for carotid/vertebral
angiography and stenting. Flow pattern to CNS is via collaterals (thyrocervical to external carotid,
then retrograde in external carotid artery [ECA] to bifurcation [bif.] and antegrade up ICA). Right
ICA then cross-fills to left ICA. C. Critical RCCA stenosis (arrow) at baseline. D. Status post
PTA/Wallstent RCCA. Antegrade flow restored to ECA; however, vertebral artery origin (v.) severely
narrowed. E. Vertebral patent status post coronary stent (Multilink). Symptoms completely resolved.
Stents patent at 6-month follow-up angiography.
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States alone (56)—approximately 20% as the direct result
of carotid atherosclerosis. The natural history of untreated
carotid artery disease can be seen in the control arms of
carotid endarterectomy studies in which the incidence of
ipsilateral stroke was 26% at 2 years in symptomatic
patients with a �70% stenosis and 5% at 2 years in asymp-
tomatic patients with a �60% stenosis (57,58). Further-
more, the presence of carotid artery disease is a significant
marker of cardiovascular risk, highlighting the importance
of risk factor modification and preventive strategies in this
high-risk patient population (59). 

Carotid endarterectomy (CEA) has long been considered
the gold standard for carotid artery intervention. During the
more than 50 years since CEA was initially reported, signif-
icant technical improvements have improved morbidity,
mortality, cost, and patient inconvenience (60,61). It was
only after 40 years of widespread application of CEA, how-
ever, that definitive proof of its benefit was obtained. The
landmark North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) and Asymptomatic Carotid
Atherosclerosis Study (ACAS) investigations thus demon-
strated that surgical endarterectomy, when performed for
carotid bifurcation disease by experienced vascular sur-
geons on appropriately selected patients, effectively
reduced the likelihood of ipsilateral stroke compared with
standard medical therapy (57,58,62,63).

In the NASCET study of symptomatic carotid artery dis-
ease, CEA was associated with a 60% relative reduction in
ipsilateral stroke over a 2-year period (9% for CEA versus
26% for medical therapy; 57). In the ACAS study of asymp-
tomatic carotid stenosis �60%, CEA resulted in a 53%
reduction in the 5-year stroke rate (5.1% for CEA versus
11% for medical therapy; 58), although it is important to
note that best medical therapy has improved significantly
since these studies were performed (64–68). It has been
suggested that these improved medical outcomes merit
revaluation compared with revascularization, particularly
for asymptomatic patient populations.

The entry criteria for the early CEA studies were for low-
risk patients, making it difficult to extrapolate these dra-
matic results to higher-risk groups such as elderly patients
(�79 years), those with concomitant cardiovascular dis-
ease, and those with higher-risk lesions (specifically
restenotic lesions following prior CEA, radiation-induced
stenosis, following radical neck surgery, or difficult surgi-
cal access). Although carotid atherosclerotic occurs pre-
dominantly at the carotid bifurcation, a site that is conve-
nient for CEA, it may extend beyond the bifurcation or
involve the origin or proximal aspect of the common
carotid artery, which is more complex to treat surgically
and may require thoracotomy or subclavian-carotid
bypass.

It is against this background that percutaneous carotid
intervention has been compared (Fig. 26.6). Although
carotid balloon angioplasty (CPTA) was performed as
early as 1983, the widespread application of CEA, coupled

with concerns of distal embolization (69) and vessel
recoil or thrombosis, relegated CPTA to single-center,
anecdotal reports (70–72). In the 1990s, work by Roubin,
Iyer, Yadav, Vitek, and others advanced this technique and
demonstrated superior results for primary (as opposed to
provisional) stenting in carotid arteries (73–77). The
apparent benefits resulted from more complete efface-
ment of the plaque and associated ulcerations (Fig. 26.7),
reduction in elastic recoil, and restoration of laminar flow
with resultant reduction in thrombus formation and sub-
sequent embolization of thrombus or plaque. But no sin-
gle issue in cardiovascular medicine (perhaps since the
advent of balloon angioplasty) has raised as much contro-
versy as the subject of carotid angioplasty and stenting
(78–82).

In most institutions, percutaneous treatment of carotid
arteries remained reserved for those circumstances wherein

Figure 26.7 Carotid balloon angioplasty (CPTA)/stent deploy-
ment in 77-year-old male with unstable angina on intravenous
nitroglycerin, awaiting CABG. Left. Contralateral internal carotid
artery (ICA) is occluded, and ipsilateral is critically narrowed (large
arrow). Distal ICA (small arrow) is atretic owing to underperfusion.
Large ulcer (u) is located at ICA origin. Surgeon reluctant to do
coronary artery bypass graft (CABG) until carotid revascularized.
CPTA/stent performed via 7F Cook Shuttle catheter placed in
CCA. Atraumatic 0.014-inch coronary guidewire used to cross
lesion, predilation performed with 3.5-mm coronary balloon, then
Wallstent placed, extending back into CCA. Right. Poststent, dis-
tal ICA restored to normal caliber, ulcer (u) is compressed and was
absent on 6-month follow-up angiogram. Patient had uneventful
CABG and remains asymptomatic at 3 years.



for randomized controlled studies to determine the opti-
mal treatment strategy. 

The first such randomized controlled trial was the
Carotid and Vertebral Artery Transluminal Angioplasty
Study (CAVATAS) trial (85). The angioplasty procedure
included stent insertion in only 26% of cases, the remain-
der performed with balloon angioplasty alone. Distal pro-
tection was not available. Despite these limitations, the
immediate and long-term results of angioplasty and
endarterectomy were equivalent. Subsequently, smaller
studies confirmed the benefits of carotid stenting,
although the potential for distal embolization and conse-
quent stroke remained a limiting factor.

To address this concern, distal protection devices were
developed to minimize or prevent distal embolization. The
first randomized trial comparing carotid stenting with
emboli protection to carotid endarterectomy was the
Stenting and Angioplasty with Protection in Patients at
High Risk for Endarterectomy (SAPPHIRE) trial (86). The
SAPPHIRE study randomized 307 patients from 29
American centers to either carotid artery stenting (CAS)
with distal protection or carotid endarterectomy. Entry cri-
teria included asymptomatic carotid stenosis (�80% by
ultrasound) or symptomatic stenosis (�50%), plus at least
one feature putting the patient at higher risk for surgical
endarterectomy. These features included age older than 80
years, the presence of congestive heart failure, severe
chronic obstructive pulmonary disease (COPD), previous
endarterectomy with restenosis, previous radiation therapy
or radical neck surgery, or lesions distal or proximal to the
usual cervical location. Patients were screened by a team
including a vascular surgeon, an interventionalist, and a
neurologist. Consensus that the patient was a good candi-
date for both procedures was required before randomiza-
tion; those rejected as surgical candidates underwent stent-
ing and were included in a separate stent registry; whereas
those rejected as candidates for intervention underwent
surgery and were included in a surgical registry. At 30 days,
the major adverse clinical events (MACE) were reduced by
more than 50% by the interventional procedure as com-
pared with surgery (5.8% for CAS, 12.6% for CEA,
P = .047). Interestingly, 408 patients in the SAPPHIRE study
were deemed inappropriate for CEA and were therefore
enrolled in the stent arm. Only seven patients were deemed
inappropriate for carotid stenting (86). In these registry
data, the 30-day MACE rate was 7.8% in the stenting reg-
istry (32/409) and 14.3% (1/7) in the surgery registry.

Two subsequent prospective multicenter trials, the
Acculink for Revascularization of Carotids in High Risk
Patient (ARCHeR; 87) and the Registry Study to evaluate the
NeuroShield Bare-Wire Cerebral Protection System and X-
Act Stent in patients at high risk for Carotid Endarterectomy
(SECuRITY; 88) have demonstrated equally impressive
results with the combination of purpose-designed stents
and distal protection devices. Further studies are underway
to evaluate newer designs of protection devices and stents
designed specifically for carotid revascularization.
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the surgical risk was prohibitive (Table 26.7; 74,76,83). In
2001, Roubin published a 5-year single-center follow-up of
528 consecutive patients undergoing carotid stenting, with
a 98% success rate, a 1.6% mortality, and a combined end
point of death and stroke of 7.4% at 30-day follow-up
(84). Of note, the rate of stroke decreased significantly over
the 5-year time frame of the study, from 7.1% within the
first year to 3.1% in the fifth year. This was felt to reflect
improvements in technique, interventional devices, and
also pharmacotherapy. The seminal work of Roubin and
colleagues demonstrated that the results of carotid stenting
could be comparable with CEA and highlighted the need

PROPOSED CURRENT CLASSIFICATION AND
STRATEGY FOR PATIENTS IN WHOM CAROTID
REVASCULARIZATION IS APPROPRIATE FOR
PURPOSES OF STROKE PREVENTION

TABLE 26.7

Category A: Surgery difficult, very high risk, or not feasible
Anatomy/morphology
• Lesion location inaccessible for standard CEA 

• Intracranial
• Distal cervical (C2 or above)
• Aorto-ostial or proximal CCA

• Previous radical neck dissection
• Previous neck irradiation
Strategy: Carotid stent with embolic protection is first-line therapy.

Category B: Surgery feasible, but with somewhat greater risk than
NASCET/ACAS
Anatomy/morphology
• CEA restenosis lesion
• Contralateral ICA occlusion
• High lesion
Medical condition
• Severe CAD or unstable angina 
• Coexisting need for CABG
• Recent acute MI
• CHF (class III or IV)
• Severe COPD 
• Contralateral laryngeal nerve palsy
Strategy:  Carotid stent with embolic protection is considered 

equivalent to CEA; choice of therapy based on patient 
preference and experience/availability of surgeon and 
interventionalist.

Category C: Conventional risk for surgery
• NASCET/ACAS eligible
• Uncomplicated surgical access
Strategy: CEA is treatment of choice. Subject of ongoing 

investigation as of 2005.

Category D: Carotid stent very high risk or not feasible
• Vessel or lesion inaccessible via catheter-based approach
• Unfavorable aortic arch (e.g., shaggy aorta)
• Pedunculated thrombus in vessel
• Allergy to stainless steel or nitinol
Strategy:  If revascularization warranted, CEA is treatment of choice.

ACAS, Asymptomatic Carotid Atherosclerosis Study; CAD, Coronary
Artery Disease; CCA, Common carotid artery; CEA, Carotid
endarterectomy; CHF, Congestive Heart Failure; CABG, Coronary
artery bypass grafting; COPD, Chronic obstructive pulmonary disease;
ICA, Internal carotid artery; NASCET, North American Symptomatic
Carotid Endarterectomy Study.
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Treatment Considerations and Technique 
(Table 26.8)

Preprocedure Evaluation
Prior to undertaking carotid stenting in an individual
patient, a complete neurologic examination should be per-
formed by an individual certified in the NIH stroke scale
and capable of performing a comprehensive examination.
A baseline carotid duplex, and ideally a CT or MRI of the
head, should be obtained. Complete informed consent
should be obtained from the patient, with participation by
the family. Premedication should include aspirin 325 once
or twice daily, clopidogrel (at least 300 mg prior to inter-
vention with sufficient time to achieve efficacy), and pre-
hydration to minimize hypotension. Baseline angiographic
information should include nonselective angiography of
the aortic arch (LAO projection) with selective two-vessel
(or four-vessel if indicated) cerebral study. Formal mea-

surements must be made of the target lesion using the
NASCET criteria (57). Intracranial angiography should be
performed at baseline to rule out intracerebral arterial
abnormalities and to establish the baseline arterial
anatomy. Of particular importance is the configuration of
the aortic arch and the carotid anatomy, the lesion mor-
phology and the presence of collateral flow, patency of the
circle of Willis, and the dominance of the intracerebral
arterial supply.

Carotid Angioplasty Procedure
Representative equipment required for CPTA/stenting is
listed in Table 26.9. Access is typically obtained via the
femoral approach. Most of the devices currently used are 6F
compatible, allowing the use of an 85-cm-long nonkink-
able sheath (i.e., Cook Shuttle, Pinnacle, or ArrowFlex
sheaths). Long sheaths minimize the size of the puncture
and tend to lie more coaxially within the common carotid

TREATMENT CONSIDERATIONS AND TECHNIQUE FOR EXTRACRANIAL CAROTID PTA/STENTING
TABLE 26.8

Programmatic issues
• Multidisciplinary team should be in place (Neurology, Vascular Surgery, Neuroradiology, Cardiology or Vascular Interventional Service,

Vascular Non Invasive Lab, and Techs/nurses in Interventional Suite)
• Hospital infrastructure (quality assurance mechanisms and privileging criteria defined)

Preprocedure
• Complete evaluation by multispecialty group 
• Neuro exam/NIH Stroke Scale by qualified individual
• Complete vascular exam (access issues, cardiac issues, etc.)
• Noninvasive studies (duplex, EKG, echo)
• Diagnostic angiography: aortic arch in LAO projection; selective 2/4-vessel study; lesion measurement using NASCET criteria
• Careful review/consideration of options (CEA; med Rx; carotid stenting) with patient and family; complete informed consent
• Full loading dose of ASA/Plavix before instrumenting;  hydration preintervention

Procedure
• Access femoral artery  vein
• Anticoagulate to ACT 250–300 (no IIb/IIIa inhibitor, unless special circumstances warrant)
• Mild conscious sedation; constant neurologic monitoring throughout procedure
• Access carotid with soft, diagnostic catheter (VITEK or other)
• Anchor 0.038/0.035” glidewire or Wholey in common or external carotid; advance diagnostic catheter into common or external carotid

artery
• Advance 6F sheath/guide or 8F guide catheter over wire and diagnostic catheter into CCA
• Perform selective angiograms including baseline intracranial views
• Cross lesion with embolic protection device and deploy it
• Predilate with 3.5–4.0 mm diameter coronary-type balloon
• Advance stent delivery system and deploy self-expanding noncompressible stent 
• Postdilate to size of reference site, or slightly less, using low/nominal pressure
• Monitor hemodynamic status closely; administer atropine for bradycardia, fluid and pressors for hypotension, IV NTG for hypertension
• Obtain final angiograms after removal of embolic protection device.  Include orthogonal carotid views and lateral and AP (e.g., Townes)

intracranial views
Postprocedure in hospital
• Close monitoring in immediate 8–12 hours postprocedure
• Neurologic exam and NIHSS day 1
Follow-up
• ASA lifelong/Plavix X 4 weeks minimum
• Office at 1 month and 1 year (at minimum) for neuro exam/NIHSS/Duplex
• Repeat angio for recurrent symptoms or stenosis �70% by Duplex

NIH, National Institute of Health; LAO, Left anterior oblique; NASCET, North American Symptomatic Carotid
Endarterectomy Study; ACT, Activated clotting time; CCA, Common carotid artery; IV NTG, Intravenous nitroglyc-
erin; AP, Anteroposterior; NIHSS, National Institute of Health stroke scale.
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artery; but may be more difficult to manipulate and require
fastidious attention to flushing. Extreme angulation of the
takeoff of the carotid renders selective cannulation chal-
lenging, but can usually be identified by baseline arch aor-
tography in the LAO projection to allow the selection of
specifically designed catheters (Vitek, JB2, or Simmons)
for carotid engagement. Once selectively engaged in the
common carotid, a stiffer guidewire is passed into the
distal external carotid artery to support advancement of
the guiding catheter into the common carotid over a
smaller catheter or inner dilator. If the distal common
carotid artery has a severe stenosis, this site should be
avoided by maintaining guidewire position proximal to
the stenosis.

There are certain principles to which one must always
adhere when treating carotid or cerebral vessels: First,
catheters should always be bled back to avoid any air or
cholesterol/plaque embolization. Second, anticoagulation
and antiplatelet therapy should commence prior to advanc-

ing any catheters into the carotid system. Third, less time in
the carotid system is better. Although one should be cau-
tious and deliberate in the performance of these proce-
dures, the number of complications increases with addi-
tional intra-arterial time. Fourth, catheter advancement
should always be over a wire, and larger catheters should
be transitioned in a stepwise, coaxial fashion over smaller
catheters. Fifth, only atraumatic guidewires should be
advanced into the internal carotid artery to minimize the
risk of spasm or dissection. Sixth, predilation is recom-
mended to confirm the ability to adequately dilate the
stenosis. Seventh, the use of self-expanding stents is pre-
ferred for the carotid bifurcation and other compressible
sites (89,90). Balloon-expandable stents should be used
only for aorto-ostial carotid lesions and distal (e.g.,
intracranial) internal carotid artery lesions. Eighth, when
encountering resistance during advancement of balloons
or stent delivery systems, removal and redilation with
lower profile devices is appropriate. If a self-expanding

REPRESENTATIVE EQUIPMENT TO HAVE AVAILABLE FOR CAROTID
STENTING (2005)

TABLE 26.9

Guidewires 0.035 (stiff )/0.038 Angled glidewire
(exchange- 0.035/0.038 Amplatz extra-support w/1-cm tip
length 300 cm) 0.035 Wholey, Supracore, Rosen

0.018 V-18, Roadrunner, Steelcore

0.014 Extra-support coronary wires
Embolic Protection Devices (some remain investigational)

Balloon occlusion device
Guardwire

Filter devices
Accunet
Angioguard
NeuroShield
Spider
Interceptor
FilterWire

Proximal balloon with flow reversal
Diagnostic 5 F Vitek (125 cm)
catheters 5 F JB2 (125 cm)

5/6 F Berenstein (100/125 cm)
5 F Simmons 1, 2, and 3 (100 cm)
5 F Davis (100/125 cm)
5/6 F JR4 (100/125 cm)
5 F Glide cath: Simmons 1/2, JB1, others (100 cm)
5 F HN1/HN2/HN3 (100 cm)

Sheaths (adapted 6/7/8 F Cook Shuttle (85 cm)
for Tuohy-Borst) 6/7/8 F ArrowFlex (85 cm)

6/7/8 F Destination (85 cm)
Guiding catheters 8/9 F Multipurpose/hockey stick/JR4/others
Balloons 0.014 Coronary balloons; 3.0–5.5 mm diameter � 15/20/30/40 mm
Stents Variety of nitinol self-expanding stents or stainless steel stents; tapered/

nontapered configuration
Temporary pacing wire and box
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stent will not easily cross a predilated lesion, it should not
be forced. If redilation and readvancement are unsuccess-
ful, placement of a short balloon-expandable stent to
“scaffold” the plaque may facilitate subsequent placement
of a self-expanding stent. Ninth, careful periprocedural
hemodynamic monitoring is essential. Manipulation
within the area of the carotid sinus can cause both acute
and prolonged hypotension and/or bradycardia (91),
requiring fluid resuscitation, atropine or �-adrenergic
agents. Pacing is rarely needed but should be readily avail-
able (92). Postprocedure hypertension must also be
avoided, so as to minimize the chances of hyperperfusion
syndrome, a potentially devastating entity that is occasion-
ally seen following revascularization, particularly in elderly
patients with previous near-occlusion and underperfused
CNS. Tenth, postdilation should be performed to relatively
low or nominal pressure. It is not necessary to completely
eliminate the stenosis to achieve an excellent result (93).
Indeed, attempts to reduce the stenosis to 0% relative to
the reference segment may lead to distal embolization, dis-
section, or resistant hypotension relating to carotid body
stimulation or compression.

Stent Selection
The optimal stent design for use in the carotid arteries
remains uncertain. Balloon-expandable Palmaz biliary
stents were used initially by many groups, with excellent
results reported by Wholey, Dietrich, and Satler (75,94).

However, the infrequent but troublesome occurrence of
external stent compression has led most investigators to
favor self-expanding stents (such as the Wallstent) at the
carotid bifurcation (89,90). There is now more extensive
experience with the newer nitinol stents (Cordis Smart,
Bard Memotherm, Guidant Acculink, etc.), all of which
have undergone feasibility trials in the United States. Most
investigators agree that the future of carotid stenting will
use nitinol, self-expanding stents that are lower profile,
0.014/0.018-inch based, and able to be placed accurately
and allow use of distal protection.

Distal Protection
The combination of carotid stenting with distal protection
has revolutionized carotid intervention (Fig. 26.8). The first
trial demonstrating this benefit was the SAPPHIRE (86) study
and was quickly followed by the ARCHeR (87) and
SECuRITY (88) studies. Several further protection devices and
stent/filter combinations are currently under trial with simi-
larly impressive early results. In general, the available distal
protection devices function either by filtering atheromatous
debris out of the flowing blood or by occluding antegrade
flow to allow removal of atheromatous debris at the comple-
tion of the procedure. Each design has relative merits and
potential disadvantages (see also Chapter 23). The filtering
devices allow for continuous visualization and precise stent
placement, as antegrade blood flow is unobstructed. The cur-
rent filter pore size ranges from 80 to 150 microns, raising the

Figure 26.8 A. High-grade left internal carotid artery stenosis with slow flow in comparison with
the external carotid. B. Flowing placement of a distal protection device in the distal internal carotid
artery (arrow). C. Postplacement of a self-expanding stent (40 � 8.0 mm), dilated with a 6.0-mm bal-
loon and retrieval of the distal protection.
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question of what diameter of atheromatous debris is required
to cause neurologic sequelae. The occluding devices, by
design, limit visualization and, in the absence of adequate
collateral circulation, prolong cerebral ischemia. Retrograde
embolization to the aortic arch may occur if aggressive
injection is performed. However, occluding devices offer
the theoretical advantage of protecting against a wider
range of particulate sizes. The optimal protection device or
combination of protection device and stent remains
unclear and is a source of intense clinical investigation.

ABDOMINAL AORTA

Abdominal Aortic Aneurysm

The endovascular repair of abdominal aortic aneurysms
using stent grafts represents one of the most dramatic
advances in the less invasive treatment of vascular disease.
Although this field is still in its infancy, great strides have
been made with the devices and technology so that most
patients with abdominal aortic aneurysmal disease requiring
repair would qualify anatomically for one of the available
devices. Nonetheless, the current gold standard for treatment
of this disorder remains open surgical repair, and any pro-
posed alternative must be compared against that standard.

The indications for repair of abdominal aortic aneurysms
(AAAs) have been discussed previously (see Chapter 14).
But a substantial number of patients who have aneurysms
greater than 5 cm in diameter are deemed not to be candi-
dates for surgery owing to unsuitable anatomy or the pres-
ence of other comorbid conditions. Left untreated, the prog-
nosis is grim, as described by Perko et al. (95). Of the 170
patients deemed inoperable, 132 patients (78%) died dur-
ing the period of the study; including 78 patients (59% of
the 132) who died specifically from rupture. For those who
are surgical candidates, the operative mortality of aneurysm
resection is between 1.4 and 7.6%, but increases substan-
tially for those whose aneurysms are symptomatic (96). The
possibility that endovascular stent grafts might lower the
morbidity and mortality in these high-risk or inoperable
patients has provided the most compelling reason to pursue
the development of these devices.

The first stent-graft in a human was placed by Parodi (97)
in Argentina and consisted of a straight Dacron tube graft
affixed at its proximal end to a large balloon-expandable
Palmaz stent. A distal stent was subsequently added to the
device to control retrograde flow into the aneurysm sac
(endoleak). Several more elaborate stent grafts have since
been developed and subjected to clinical trials: Guidant
EVT, Boston Scientific Vanguard, Medtronic AVE AneuRx,
Medtronic AVE Talent, Cook Zenith, Corvita Endograft,
and Gore Prograft. Two (the AneuRx and EVT devices)
received FDA approval in 1999 and are commercially
available. To address the fact that the abdominal aortic
pathology frequently extends into the iliac vessels, most

abdominal endografts are now bifurcated or aortomonoil-
iac devices at their distal end to extend into the distal vas-
culature and thereby achieve a more complete seal (with
an aortomonoiliac device, the contralateral iliac artery may
be perfused via a fem-fem bypass graft).

Thousands of stent–graft procedures have been per-
formed worldwide for abdominal aortic aneurysm exclusion.
D’Ayala, Hollier, and Marin (98) summarized the results in
767 patients: success rate 74 to 100%, persistent endoleaks in
14% (one-third of which closed spontaneously), and 4%
mortality. More recently published series describe the multi-
center prospective experience with the AneuRx stent graft
and the Boston Scientific Vanguard devices (98,99). Both
demonstrate success rates approaching 90%, endoleaks in
approximately 10%, and reduction in morbidity compared
with conventional repair, but they have a steep learning
curve that entails mastering device and patient selection
issues. Aneurysms with a short or absent proximal neck (dis-
tance between the lower border of the renal artery and the
beginning of the aneurysm) are more difficult to treat,
although some device iterations now incorporate additional
bare stent material designed to be deployed proximally over-
lying the renal vessels, with the graft material beginning just
below the renal arteries. Other issues remain, such as the
obligatory sacrifice of one or both of the internal iliac arter-
ies (which sometimes potentially has deleterious conse-
quences) and the large caliber of current devices (12F to
28F). Technical advances promise to address both of these
issues. As in the case with endovascular treatment of other
vascular sites, most successful endovascular stent–graft pro-
grams are based on spirited collaboration between vascular
surgeons and endovascular specialists in cardiology and/or
radiology.

Renal Arteries 

Renal artery stenosis (RAS) is a common manifestation of
generalized atherosclerosis whose clinical importance is
increasingly being recognized. The interaction between
coronary and renal atherosclerosis is complex, sharing
common risk factors and a similarly insidious progression.
Coronary disease and its treatment frequently exacerbate
renal function, whereas renal disease accelerates coronary
atherosclerosis and causes resistant hypertension by stimu-
lating the rennin-angiotensin system. RAS thus represents
the most common cause of secondary hypertension, affect-
ing at least 5% of the general population (100) and as many
as 39% of patients undergoing cardiac catheterization
(101). It results in deteriorating renal function and progres-
sive renal atrophy, and is the underlying pathology for 12 to
14% of patients with dialysis-dependent renal failure (102).

The goals of renal artery revascularization are to
improve control of hypertension, preserve or restore renal
function, and/or treat other potential adverse physiologic
effects of severe renal artery stenosis (congestive heart fail-
ure, recurrent flash pulmonary edema, and angina; 103).



The options available for renal artery revascularization
include surgery (endarterectomy, aortorenal bypass, or
extra-anatomic bypass using hepatorenal, splenorenal, ile-
orenal, or superior mesenteric artery [SMA]–renal anasto-
mosis) and PTA, with or without stent deployment.
Balloon angioplasty of the renal arteries was first per-
formed by Gruntzig in 1978, but as in other vascular beds,
the results of stenting are superior to stand-alone angio-
plasty (see Chapter 24). With the widespread use of renal
artery stenting, this procedure has gradually superseded
surgery as the treatment of choice for most patients with
renal vascular disease (6). When analyzing indications and
results, it is important to distinguish between the two
major causes of renal artery stenosis: fibromuscular dyspla-
sia (FMD) and the more common atherosclerotic disease. 

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a nonatherosclerotic,
noninflammatory disorder of unknown etiology that con-
stitutes the second most common cause of RAS (104). It
typically affects women from 15 to 50 years of age and is
more common in first-degree relatives and in the presence
of the ACE-I allele (105,106). FMD can also involve carotid
and peripheral arteries, although renal artery involvement
is seen in 60% of cases of FMD, with frequent bilateral
involvement (104). Progressive renal stenosis is seen in
37% of cases and loss of renal mass in 63% (107,108).
Fibromuscular dysplasia has a distinctive angiographic
appearance, with a beaded, aneurysmal pattern (Fig. 26.9).
Although medical management of hypertension is fre-
quently successful, the high rates of procedural success,
elimination of hypertension, and low recurrence rate
(10%) of percutaneous intervention have resulted in a low
threshold for intervening in these patients (109). FMD
localized within the main renal artery or its primary
branches can be treated quite effectively with balloon
angioplasty alone, with stenting reserved for failure or
complications of balloon angioplasty (see Fig. 34.11.)
FMD that involves multiple branch vessels and/or aneurys-
mal disease, however, is usually better treated surgically,
potentially using the technique of “bench” (i.e., extracor-
poreal) reconstruction of the branch vessels. Occasional
cases may be treated with advanced stenting and coiling
techniques (see Fig. 34.13A).

Atherosclerotic Renal Artery Stenosis 

Percutaneous treatment of atherosclerotic renal artery
stenosis (ARAS), which causes the vast majority of renal
artery narrowing, has been less gratifying than that of
FMD. During the 1980s, balloon angioplasty proved to be
a safe and effective modality, but had an unacceptably high
restenosis rate approaching 70% at 6 to 12 months. As a
result, the gold standard of treatment remained surgical
revascularization, despite a surgical mortality of 2 to 17%,

even in appropriately selected patients (110). In the 1990s,
however, numerous investigators demonstrated better
amelioration of the stenosis and trans-stenotic pressure
gradient following stent deployment in aorto-ostial lesions
compared with balloon angioplasty alone, followed by a
lower restenosis rate. Palmaz (103) summarized the results
of stenting in 349 patients from eight series followed for a
mean duration of 10.9 months. Hypertension was improved
in 56% and cured in 10%; renal function improved in 27%
and stabilized (e.g., no further deterioration) in 38%.
Restenosis occurred in approximately 16% of patients with
major complications in 4.9%, but these were reduced in
the more recent series. 

Following these results, the Dutch Renal Artery Stenosis
Intervention Cooperative Study (DRASTIC) randomized
106 patients treated with RAS to either balloon angioplasty
or medical therapy (111). It found no difference between
treatment arms, but had several limitations. First, most
interventional strategies involved balloon angioplasty alone,
with stenting reserved as a bailout (despite substantial evi-
dence of the immediate and long-term superiority of stent-
ing). Second, 44% of the medically treated cohort crossed
over to intervention within 3 months owing to uncontrolled
hypertension, thus jeopardizing the validity of an “intention
to treat” analysis. Finally, progression of RAS to complete
occlusion was seen in 16% of the medically treated arm, but
did not occur in the interventional group. Therefore, 60% of
the medical group either failed medical therapy or had pro-
gression of RAS to occlusion (111).

In contrast to DRASTIC, subsequent studies have con-
firmed the benefits of stenting for ARAS. A multicenter
registry-based study reported the outcome of 1,058
patients, demonstrating improved hypertensive control,
fewer antihypertensive agents, and a fall in serum creati-
nine concentration from 1.7 to 1.3 mg/dL over a 4-year
period (112). Similarly, a meta-analysis of 10 studies
demonstrated that renal function improved in 26%,
remained stable in 48%, and deteriorated in 26% of cases
(113). Promising results were also reported by Watson et al.
(114), who demonstrated that, in patients with bilateral
RAS, renal stenting successfully reversed or reduced the
progression of renal insufficiency.

In general, the current indications for renal artery PTA
and stenting are threefold: (1) control of hypertension, (2)
elimination of congestive heart failure/flash pulmonary
edema, and (3) preservation or salvage of renal function
(Fig. 26.10 and Table 26.10). A common finding in studies
to date, however, is that some patients fail to demonstrate
any significant clinical response. Therefore, an important
clinical challenge is to select the patients who are likely to
benefit. Several clinical factors have been shown to be pre-
dictive of a successful outcome for control of hypertension:
(a) rapid acceleration of hypertension over the prior weeks
or months, (b) presence of “malignant” hypertension
(e.g., end organ effect), (c) hypertension in association
with flash pulmonary edema, (d) contemporaneous rise in
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serum creatinine, and (e) development of azotemia in
response to ACE inhibitors administered for control of
hypertension. Predictors of successful salvage or preserva-
tion of renal function are similar and include (a) recent
rapid rise in creatinine, unexplained by other factors; (b)
azotemia resulting from ACE inhibitors; (c) absence of dia-
betes or other cause of intrinsic kidney disease; and (d) the
presence of global renal ischemia, wherein the entire func-
tioning renal mass is subtended by bilateral critically nar-
rowed renal arteries or a vessel supplying a solitary kidney.

Conversely, predictors of poor functional renal recovery
following ARAS stenting include (1) renal atrophy demon-
strated by kidney length �7.5 cm on ultrasound, (2) high
renal resistance index detected by duplex ultrasound,
(3) proteinuria �1 gm/day, (4) hyperuricemia, and finally,
(5) creatinine clearance �40 mL/minute. None of these,
however, constitute an absolute contraindication, as indi-
vidual patient responses are unpredictable.

It is important to note that the clinical spectrum of
ARAS is very wide, and not every patient with ARAS needs

Figure 26.9 A. Classic “string of beads” appearance of fibromuscular dysplasia. B. Intravascular
ultrasound (IVUS) with a 40-MHz catheter demonstrating multiple fine fibrous bands and foci of
interband aneurysmal dilatation. C. Translesional gradient measured between a 6F guide catheter
placed in the aorta and a 4F glide catheter placed in the distal renal artery. A 60-mm Hg resting gra-
dient is demonstrated. D. Post–balloon angioplasty with a 4.5-mm-diameter balloon demonstrating
improvement in the angiographic appearance, which is confirmed by the postangioplasty IVUS
shown in (E). Postprocedure IVUS demonstrates fracture of the fibrous bands, resulting in resolution
of the gradient seen before the procedure (F).
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to be stented. On one extreme is the patient with unilateral
RAS, normal renal function, and mild or moderate hyper-
tension well controlled medically, who would derive little
immediate benefit and should probably be followed longi-
tudinally, with serial re-evaluation of renal function, kid-
ney size, and control of blood pressure. At the other
extreme is the patient with long-standing severe baseline
renal insufficiency secondary to nephrosclerosis (e.g., dia-
betic nephropathy) with superimposed RAS or ultrasound
findings suggestive of atrophy, in which intervention is
unlikely to procure any benefit. Determining the optimum
timing for intervention within this spectrum is complex,
often requiring close interaction between the nephrologist

and the interventionalist. Although the approach of
delayed intervention allows instigation of comprehensive
antihypertensive therapy and risk factor modification,
there is mounting evidence that earlier RAS intervention
yields greater preservation of renal function, better control
of renovascular hypertension, and reduced cardiovascular
morbidity. This hypothesis will be tested in an NIH-
sponsored clinical trial (CORAL) examining cardiovascular
mortality after randomization between medical therapy
and stenting for RAS.

Finally, RAS should always be excluded in patients who
present with flash pulmonary edema or unstable angina.
Flash pulmonary edema is particularly prevalent in patients
with bilateral RAS or unilateral RAS supplying a solitary
functional kidney and is generally refractory to medical
therapy. Among these patients, however, renal revascular-
ization has been shown to effectively alleviate pulmonary
edema and unstable angina. 

Treatment Considerations and Technique

Access
Renal artery angioplasty and stenting are usually performed
via the retrograde femoral approach. Because the proximal
renal artery segment initially courses inferiorly and posteri-
orly, some interventionalists prefer the brachial approach to
allow more coaxial alignment. However, the greater inci-
dence of vascular entry site complications causes us to
avoid the brachial approach except when the aorta is
occluded distally or the renal artery takeoff is so severely
angulated as to preclude stent delivery from below.

Diagnostic Angiography
These techniques are described in Chapter 14. Nonselective
arteriography is recommended prior to selective cannula-
tion to identify the location of the renal ostia and the con-
figuration of the aorta and to minimize the need for
catheter manipulation in a diseased, atherogenic aorta. It
may also identify accessory renal arteries, which are
present in roughly 25% of patients. Once the ostia are

Figure 26.10 Reversal of renal failure with stenting. A 74-year-
old male with baseline renal insufficiency (creatinine 2.8), who
developed acute anuric renal failure following coronary artery
bypass graft (CABG). A. After doing poorly on dialysis for 3 weeks,
angiogram was repeated, showing critical stenosis to solitary kid-
ney. B. Suboptimal result after balloon angioplasty (PTA), owing to
recoil/plaque fracture. C. After stent, patient no longer required
dialysis and remains off dialysis at 3-year follow-up.

INDICATIONS FOR REVASCULARIZATION OF
RAS

TABLE 26.10

“Clear” indications
Preservation of renal function in progressive renal failure
1. Control of malignant or resistant hypertension
2. Treatment of recurrent flash pulmonary edema or unstable

angina in association with severe renal artery stenosis (RAS)
3. RAS to a solitary kidney with non–dialysis-dependent renal

failure
“Not-so-clear” indications
1. Hypertension that is difficult to control in patient with unilateral

RAS, with or without renal insufficiency
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identified, then selective cannulation may be performed
using any of several catheter shapes (IMA, J Judkins right,
hockey stick, renal double curve, or Sos-Omni). A suitable
guidewire is passed across the lesion, over which a diag-
nostic catheter can be advanced to measure a baseline pres-
sure gradient. By convention, a significant pressure gradi-
ent is anything �10 mm Hg mean and/or 20 mm Hg peak,
measured through a 4F or 5F catheter placed beyond the
stenosis. Below this level of gradient, a patient is unlikely
to benefit dramatically with respect to blood pressure con-
trol or renal function, although an argument could be
made to treat to prevent progression.

Balloon Inflation and Stent Deployment
Following diagnostic measurements, the diagnostic catheter
is exchanged over the guidewire for a guiding catheter (renal
double curve, hockey stick, IMA or other), advanced with
the nose of the predilatation balloon protruding. Classically,
predilatation with a slightly undersized (e.g., 4-mm) bal-
loon is recommended, which assesses vessel size, mini-
mizes initial trauma, and allows the guiding catheter to be
advanced into the midrenal artery over the deflating bal-
loon. This then allows stent advancement across the lesion
within the guiding catheter, which is in turn withdrawn
slightly to expose the stent for expansion. The current avail-
ability of 0.014- and 0.018-inch balloons with flexible pre-
mounted stents (including monorail systems) has enabled
modification of this technique. Specifically, smaller guide
catheters, wires, and sheaths are now required, and the
need to cross the lesion with the guide catheter before
desheathing the stent to facilitate safe delivery is now much
lower.

After confirmation of appropriate stent position, taking
into account any expected foreshortening of the stent and
the need for the stent to extend slightly (0.5 to 2 mm) into
the aorta to cover true ostial lesions, the stent is deployed.
Postdilation to high pressure (10 to 14 atmospheres) is
performed, with care to avoid overdilation (heralded by
severe discomfort) or dissection of the distal, nonstented
vessel. The O-ring on the guiding catheter or sheath should
be loosened during inflation to allow the dilating balloon
to assume an orientation in line with the proximal renal
artery rather than pulling the renal ostium down during
inflation. Final angiography, pressures measurement, and
intravascular ultrasound (IVUS) can be used to assess the
outcome, especially if there remains a question regarding
stent apposition or lumen size (Fig. 26.11). The guiding
catheter is then removed over the wire. 

Periprocedural Care
Fluids should be administered liberally prior to, during, and
following the procedure, with diuretics held in reserve to pre-
vent volume overload. Postprocedure monitoring of the
hemodynamic state is mandatory—some patients with
global renal ischemia may experience a significant fall in
blood pressure as the high renin state abates, particularly if

they have been allowed to become volume depleted. Blood
pressure medications are thus reduced by half in anticipation
of this response, but complete withdrawal of all antihyperten-
sive medications is ill advised in patients with coexisting
coronary artery disease. Since the full clinical response to
renal artery revascularization may not occur until 1 to 2 weeks
after the intervention, blood pressure, creatinine, and medica-
tions should be re-evaluated at 2 to 4 weeks follow-up.

Complications
Complications related to balloon angioplasty and/or stent-
ing of renal arteries occur in �10% of patients and most
commonly involve the access site. The most feared compli-
cation, however, is that of atheroembolism either into the
renal or peripheral vascular bed. This is more likely to
occur with aggressive manipulation of the diagnostic
and/or guiding catheters; aortic wall contact can be mini-
mized through identification of the renal ostia on a nonse-
lective angiogram prior to selective cannulation with a soft,
atraumatic diagnostic catheter. Distal embolization to the
renal artery may be partially preventable using distal pro-
tection devices described above (see also Chapter 23).
Peripheral embolization of atheromatous debris, termed
cholesterol embolization, is more sinister. The signs of choles-
terol embolization include persistent hypertension despite
successful renal artery revascularization, gradual rise in cre-
atinine over the succeeding weeks, the presence of livido
reticularis on the abdominal wall or in the lower extremi-
ties, and the presence of eosinophilia on a peripheral
blood smear. There is no known effective treatment for the
manifestations of cholesterol embolization once it occurs,
although some have reported the effective resolution of
ischemic lower extremity rest pain and ulceration using
intravenous prostaglandin (115). Other complications of
percutaneous renal revascularization include dissection of
the renal artery or the wall of the aorta, acute or delayed
thrombosis, infection, rupture of the renal artery, or renal
perforation by a distally placed guidewire. 

Mesenteric Arteries

Indications for Treatment and Results

Stenosis of the mesenteric vessels is a frequent finding dur-
ing routine angiography, although ischemic symptoms or
consequences are rare. This is largely the result of the
redundant blood supply emanating from the three visceral
arteries, the superior mesenteric, the inferior mesenteric
and the celiac artery, in combination with a rich source of
potential collaterals. These collaterals allow communica-
tion between the inferior and superior mesenteric arteries
either via the meandering mesenteric artery that courses
deep in the colonic mesentery or via the arc of Riolan. The
celiac and superior mesenteric territories are connected
by the pancreaticoduodenal arteries; the inferior mesen-
teric territory may be collateralized by sigmoidal and
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hemorrhoidal arteries from the external iliac artery. As a
result, true chronic mesenteric ischemia is uncommon. As
with coronary atherosclerosis, an imbalance of the arterial
supply and demand results in development of symptoms.
Intestinal arterial demand is greatest following a large
meal. Classically, postprandial symptoms of abdominal
pain, gas, diarrhea, food avoidance, and ultimately weight
loss indicate severe global compromise of mesenteric
blood supply (such as occlusion of two out of three mesen-
teric vessels and a critical stenosis in the third). With less
profound ischemia, symptoms can be vague, including
nonspecific postprandial discomfort, fullness or bloating,
prompting multiple investigations. Although vague, symp-
toms progress insidiously, resulting in “food fear” and ulti-
mately profound weight loss; the median weight loss in
one series was 28 lb (range, 3 to 100 lb). The angiographic
diagnosis can be also be ambiguous as the mesenteric ves-
sels originate and project anteriorly from the aorta and are

inadequately visualized during conventional anteroposte-
rior (AP) angiography. Therefore, extremely angulated
and/or lateral views are required to define aorto-ostial and
proximal lesions in these vessels.

As is the case with many other vascular sites, the stan-
dard of therapy for mesenteric disease has (until recently)
been surgical (endarterectomy or bypass), with a mortality
rate that approaches 6% (116,117). Balloon angioplasty
can be effective in restoring acute patency, although
restenosis rates are 50% or more owing to the ostial loca-
tion of these lesions. Adjunctive stenting improves proce-
dural success, reduces acute recoil and achieves long-
term patency, although formal randomized studies have
yet to be performed (see Chapter 34). The biggest dilemma
in patients with mesenteric disease is deciding who is
and is not likely to benefit. Decisions to intervene
should clearly be symptom driven. Certainly, the inciden-
tal findings of a stenotic mesenteric vessel during routine
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Figure 26.11 Balloon angioplasty (PTA) of
proximal renal artery lesion, guided by
intravascular ultrasound (IVUS). A. Baseline
angiogram depicts severe proximal renal artery
stenosis. B. Corresponding IVUS image shows
plaque abutting catheter circumferentially. 
C. Post-PTA, irregular lumen with plaque frac-
ture and residual stenosis. D. IVUS post-PTA
shows only modest enlargement of lumen. 
E. Deployment and dilation of Palmaz stent
with 6-mm balloon; angiographic result much
improved over PTA alone. F. IVUS shows dou-
bling in lumen diameter over PTA alone.
However, in spite of excellent angiographic
appearance, IVUS shows that diameter of
treated segment is still less than reference
segment. G. After inflation with 7-mm bal-
loon, the angiographic result is slightly better.
H. IVUS now shows size of stented vessel is
equal to that of reference segment. This case
highlights utility of IVUS in renal angioplasty.
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angiography does not necessarily indicate the need for
treatment. But the ability to effectively treat mesenteric
ischemia has led to intervention in patients with more
modest mesenteric ischemic syndromes, such as postpran-
dial bloating, than profound weight loss and cachexia. At
the other extreme, percutaneous treatment is also ill
advised in patients with acute mesenteric ischemia in
whom bowel infarction has already taken place, where sur-
gical repair and intestinal resection is preferred. 

Treatment Considerations and Technique

Aorto-ostial mesenteric disease is similar in most respects
to aorto-ostial renal artery disease. Therefore, the approach
to balloon angioplasty and stenting is identical. Thus far,
there are no controlled trials nor any large series reported
using stents in mesenteric arteries. Despite similar results
and techniques, three factors distinguish the mesenteric
vessels from the renals: First, the celiac and superior
mesenteric arteries both tend to arise off the aorta at more
of a downward angle than the renal arteries, making access
from below somewhat more difficult. Second, visualiza-
tion of the target lesion may be more difficult in these ves-
sels than for the renal arteries; use of the lateral projection
is often required. Third, the complications related to fail-
ure and/or embolization may include bowel infarction,
sepsis, and death, highlighting the extreme caution and
careful technique required.

Aortoiliac Obstructive Disease

Most infrarenal abdominal aorta and iliac arteries disease
is atherosclerotic in origin. Treatment of atherosclerotic
lesions within the distal aorta and iliac arteries is similar,
and therefore will be considered together. Leriche first rec-
ognized the effects of impaired inflow at the level of the
terminal aorta and iliac arteries in his classic 1923 publica-
tion (119,120). Surgical revascularization began with
endarterectomy in the 1940s, and bypass surgery in the
1950s. In 1979, Gruntzig and Kumpe described their

experience with balloon angioplasty of iliac lesions, which
yielded a 2-year patency rate of 87% (7). While balloon
dilatation has been applied to atherosclerotic disease at
every site in the body, nowhere have the results been supe-
rior to those achieved in the aortoiliac vessels.

Indications for Intervention and Results

Aortoiliac revascularization is currently recommended for
three indications:

1. Relief of symptomatic lower extremity ischemia, includ-
ing claudication, rest pain, ulceration or gangrene, or
embolization causing blue toe syndrome (Fig. 26.1;
Chapter 34)

2. Restoration and/or preservation of inflow to the lower
extremity in the setting of pre-existing or anticipated
distal bypass (Fig. 26.2)

3. Procurement of access to more proximal vascular beds
for anticipated invasive procedures (e.g., cardiac
catheterization/PTCA, intra-aortic balloon insertion; see
Chapter 34). Occasionally, revascularization is indi-
cated to rescue flow-limiting dissection complicating
access for other invasive procedures (Fig. 26.12).

Aortobifemoral bypass has a long-term patency of 90%
at 1 year, 75 to 80% at 5 years, and 60 to 70% at 10 years,
but carries a mortality between 2 and 3%. Accordingly, sur-
gical intervention has been reserved for patients with criti-
cal limb ischemia or advanced degrees of disability
(Rutherford category 3 or above). Because percutaneous
angioplasty is less invasive, generally has fewer complica-
tions, and is lower in cost, the threshold at which interven-
tion is offered to patients with aortoiliac disease may be
lower (Fig. 26.1; 1).

There are relatively few studies examining the outcome
of PTA in isolated aortic segments (Fig. 26.13), owing to
the relatively uncommon occurrence of this entity (com-
pared with combined aortoiliac disease). Most atheroscle-
rotic aortic disease is more diffuse and thus extends into
the iliac arteries, requiring treatment of both territories.

Figure 26.12 An 84-year-old female com-
plaining of increasing right leg pain and coolness
during cardiac catheterization. Following cath,
iliac angiogram demonstrates flow-limiting,
lengthy spiral dissection (arrows). Flow restored
after treatment with Wallstent and balloon
angioplasty (PTA). Severe left iliac disease is
also noted. When encountering new symptoms
of lower extremity ischemia during cath, angio-
graphic delineation of the cause is preferable to
removing the sheath and hoping for restoration
of flow.
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In fact, revascularization at the aortic bifurcation com-
monly uses either kissing balloons or kissing stents. (See
Chapter 34; 121). Considerable controversy remains in
some circles concerning the optimal treatment, but
increasingly both surgeons and interventionalists support
angioplasty and stenting as the initial approach to revas-
cularization, with aortobifemoral bypass reserved for
occlusive disease or those not amenable to PTA or stenting
(122,123).

The results of balloon angioplasty alone for iliac
stenoses, particularly focal lesions, is excellent, with acute
technical and clinical success �90% across a large number
of reports (124,125). Patency rates for 1, 3, and 5 years
range from approximately 75 to 95%, 60 to 90%, and 55
to 85%, respectively. The wide disparity of these results is a
reflection of multiple factors, including variations in selec-
tion criteria, discrepancies in measurements of outcome,
and the evolution of technique over time. Factors associ-
ated with good results include short, focal lesion; large ves-
sel size; common iliac (as opposed to external iliac); single
lesion (as opposed to multiple serial lesions); male gender;
lesser Rutherford category (claudication as opposed to crit-
ical limb ischemia); and presence of good runoff. The
results in patients with diffuse disease, smaller vessels, dia-
betes mellitus, female gender, critical limb ischemia, and
poor runoff are less favorable. The results for aortoiliac
occlusions are also less favorable. 

Stents for Aortoiliac Disease

In 1993, the FDA approved the use of Palmaz balloon-
expandable stents (P-308 series, 30 mm long and 8 mm in
diameter) for iliac arteries. Specific indications were for
failed PTA (defined as a residual mean gradient of ≥5 mm,
residual stenosis of �30%, or presence of a flow-limiting
dissection; 126). The self-expanding Wallstent prosthesis
was approved for similar indications in 1996 (127). The
favorable acute results, relative ease of use, and paucity of
complications encountered during aortoiliac stenting,
however, has led to expanded use of these devices to
reduce recoil and improve on the immediate hemody-
namic and angiographic result of PTA. Using stents, acute
technical success is in the range of 90 to 100%, with aver-
age 1-year patency of 90% and average 3-year patency of
75% (128). Because of these superior cosmetic and hemo-
dynamic results, a strategy of primary stent deployment
for aortoiliac vessels has been adopted by many, although

Figure 26.13 Balloon angioplasty (PTA)/stent of
isolated infrarenal aortic stenosis, causing Rutherford
category II claudication in 63-year-old female. Long
(35-cm) 8F sheath is used to protect Palmaz P-308
stent until delivered to site. To minimize profile and
optimize positioning, initial deployment is with 
9-mm balloon. After dilation to 12 mm, lumen size is
improved; in the aorta, there is no indication (and
there may be contraindication) to enlarge stent to
size of adjacent (ectatic) vessel. However, subse-
quent guidewire passage must be performed cau-
tiously, as stent struts may be nonapposed.

Figure 26.14 Digital subtraction angiography (DSA) depicting
severe sequential infrarenal aortic stenosis extending into the aor-
toiliac bifurcation.
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others reserve stenting only for suboptimal angioplasty
results.

Tetteroo and colleagues (124) published a randomized
trial between balloon angioplasty and primary stenting,
showing no difference in the primary end point when bal-
loon angioplasty patients were allow to cross over to stenting
for a residual stenosis of 50% or a residual gradient ≥10 mm
mean (43% of provisional patients did so). If analyzed on
a per protocol basis, stenting was far superior. Clinical and
hemodynamic success rates were approximately 77 and
85%, respectively, at 24 months, comparable with many
surgical series of aortobifemoral bypass. Even more com-
pelling is the meta-analysis performed by Bosch et al.
(125) on 14 recent studies (all published after 1990)
involving more than 2,100 patients undergoing aortoiliac
PTA. This meta-analysis showed a superior immediate suc-
cess rate for stents than for PTA alone (96 versus 91%) with
a subsequent 4-year primary patency rate for stenotic
lesions of 77% for stenting versus 65% for PTA alone. For
occlusions, 4-year patency rates were 61% for stents and
54% for PTA.

Treatment Considerations and Technique

Prior to undertaking aortoiliac PTA, careful consideration
should be given to the issue of arterial access. Baseline
angiographic and/or noninvasive studies form the basis of
decisions regarding access. When treating unilateral disease
that ends above the common femoral artery, we prefer ipsi-
lateral retrograde access, which provides the most direct
approach to the stenotic (or occlusive) lesion and facilitates
stent deployment. The contralateral approach using cross-
over sheaths and guiding catheters is preferred when the
target lesion is located near the common femoral artery or
the femoral head, when the groin below the target is either
scarred or the common femoral artery heavily calcified, or
when there is particular concern about impeding the out-
flow during sheath removal following revascularization of
an iliac lesion. The contralateral approach is also used
when more distal revascularization is to be pursued in the
same sitting, but is more challenging in cases of acutely
angulated aortic bifurcations or stenosis at the origin of the
common iliac artery. For iliac occlusions, either retrograde
or contralateral access is appropriate, and frequently both
are required to successfully recanalize occluded segments.
For lesions involving the aortic bifurcation, a bilateral retro-
grade femoral approach is recommended to enable place-
ment of kissing stents. Both balloon-expandable (BE) and
self-expanding (SE) stents can be used in the aortoiliac
region. Although SE stents are increasingly accurate in their
deployment, BE stents remain superior where precise stent
positioning is critical and by virtue of their greater radial
strength. On the other hand, SE stents may be preferred in
the external iliac artery as one approaches the flexion point
at the femoral head (a BE stent at this site might be perma-
nently deformed by compression). 

Role of Pressure Gradients and Intravascular
Ultrasound

Pressure gradients are routinely measured across iliac and
aortic lesions (Fig. 26.15), but there are few objective data
regarding what constitutes a significant hemodynamic
stenosis. By convention, a 5 mm Hg mean resting pressure
gradient is taken as indicative of a significant residual
stenosis. If the resting gradient is borderline, a persistent
(e.g., �60-sec) mean pressure gradient of �15 mm Hg after
administration of a vasodilator (200 to 300 
g of nitroglyc-
erin) is considered significant. Intravascular ultrasound
(IVUS) is superior to contrast angiography in demonstrat-
ing detailed vessel anatomy and can be very useful during
aortoiliac angioplasty by measuring the dimensions of the
reference site, the degree of narrowing, and the characteris-
tics of the vessel wall (calcium, etc.; 11,12).

Thrombolytic Therapy

The utility of thrombolytic therapy in iliac occlusions is
controversial. For occlusions in peripheral vessels, catheter-
directed thrombolysis is much more effective than systemic
fibrinolysis. The technical aspects of use vary among inves-
tigators. There is agreement that the catheter must pene-
trate into the occlusion for the lytic agent to have any
effect. Some prefer going one step farther and crossing the
occlusion, primarily to “lace” the lytic agent throughout
the occlusion and enhance the efficiency of thrombolysis.
Others prefer crossing the occlusion and administering the
lytic in pulsed spray fashion. This technique may accelerate
clot dissolution, but is associated with a slightly higher
incidence of distal embolization. Urokinase is no longer
available, and thus t-PA and Retavase are the current agents
of choice (129). These can be combined with rheolytic
thrombectomy to augment clot removal (see Chapter 23).

Figure 26.15 Pressure gradients obtained during revasculariza-
tion of iliac occlusion from patient in Fig. 26.1. A. Baseline gradi-
ent. B. Gradient after distal administration of nitroglycerin (NTG).
C. Postballoon, significant resting gradient remains, even without
provocation . D. Gradient eliminated after stenting, demonstrating
superior hemodynamic result.
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Use of Aortoiliac PTA in Conjunction
with Surgery

Many patients with aortoiliac disease also have infrain-
guinal disease. In such cases, the aortoiliac disease is
treated first to improve inflow, which often obviates the
need for reconstruction more distally (Fig. 26.16). In some
instances, PTA of the “donor” iliac may be performed to

preserve inflow to a planned cross-femoral graft (Fig. 26.2).
The same strategy underlies the preparatory role of iliac
angioplasty in patients undergoing surgical revasculariza-
tion for treatment of distal disease. For example, common
femoral artery cutdown, intraoperative balloon angio-
plasty, and iliac stent deployment may be followed by
fem-pop or fem-fem bypass in the same sitting. Likewise,
revascularization may be staged with proximal PTA first,
followed by surgery some 3 to 4 weeks later. These
approaches constitute a natural extension of the use of
endovascular techniques to minimize morbidity and mor-
tality and maximize the benefit for the patient.

In summary, percutaneous therapy has now become the
first line of therapy for aortoiliac obstructive disease. With
the exception of patients with very extensive disease, PTA
with stent deployment is associated with a highly success-
ful acute and long-term outcome. If this strategy fails, sub-
sequent surgical intervention remains feasible. The guide-
lines published by the AHA in 1994 (1) list four categories
of iliac disease: Category 1 includes stenoses �3 cm long,
concentric and noncalcified, for which PTA is recom-
mended. Category 2 includes stenoses 3 to 5 cm long or
calcified, or eccentric stenoses �3 cm long, for which PTA
was also felt to be well suited. Category 3 lesions consist of
stenoses 5 to 10 cm long or occlusions �5 cm long, in
which PTA could be performed, although the initial chance
of technical success or long-term benefit might not be as
good as with bypass surgery; however, PTA might be indi-
cated, depending on the patient risk factor profile.
Category 4 lesions include stenoses �10 cm long, occlu-
sions �5 cm long, extensive bilateral aortoiliac atheroscle-
rosis, or lesions in association with abdominal aortic
aneurysm or other lesion requiring surgical repair, for
which the percutaneous approach was not recommended.
These guidelines are evolving, as the benefits of stenting
have become manifest and the limits of percutaneous ther-
apy are being extended. 

Complications

Complications are relatively infrequent with aortoiliac
angioplasty (�6% based on multiple series). Most common
are access site complications, including local or retroperi-
toneal bleeding, pseudoaneurysm, and atrioventricular (AV)
fistula (see Chapters 3 and 4) . Thrombotic occlusion at the
site of angioplasty is extremely rare, as is rupture (which,
however, can have devastating consequences). Arterial rup-
ture must be recognized promptly and controlled by infla-
tion of a balloon within the lesion (balloon tamponade),
reversal of anticoagulation, and volume resuscitation.
Surgery may be required infrequently, but stent grafts are
increasingly being used to treat this complication. Other
complications include distal embolization, which was said
to occur with alarming frequency in early studies of recanal-
ized total iliac occlusion. More recent studies indicate an
incidence of �5% (129a). Systemic complications, such as
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Figure 26.16 Balloon angioplasty (PTA) of aorta and common
iliac artery in nonischemic (left) side in preparation for cross-
femoral graft leads to unexpected resolution of ischemic pain.
Patient is a 62-year-old woman, a poor surgical candidate, with rest
pain and severe claudication in right leg. Occlusion of right com-
mon iliac artery and stenoses in infrarenal aorta and left common
iliac artery pre-PTA (A). Initial strategy was to dilate the stenotic
sites, then graft from left to right common femoral artery (CFA).
Following (B) PTA/stent of aorta, and (C) PTA alone of iliac artery,
patient’s right (contralateral) leg symptoms disappeared, presum-
ably owing to increased left to right collateral flow via internal iliac
artery tributaries. Planned cross-femoral bypass surgery was there-
fore canceled. PTA was guided by intravascular ultrasound (IVUS),
which demonstrates marked improvement in lumen cross-sectional
area of aortic lesion from pre-PTA (D) to poststent (E).
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contrast or atheroembolic induced renal failure, myocardial
infarction, CVA, and death, all occur with an incidence of
�0.5%. Complications requiring surgical repair are also rel-
atively infrequent, in the range of 2%.

LOWER EXTREMITY

Common Femoral Artery

Revascularization of this vessel has previously been consid-
ered the exclusive purview of the vascular surgeon, whose
approach through a local incision (often under local anes-
thesia) allows endarterectomy and/or patch angioplasty
with outstanding results. Concerns about elastic recoil,
mechanical compression of stents, and the possibility of
dissection or thrombosis at the inflow to the entire leg have
raised concerns about catheter-based intervention in this
region. Lesion characteristics play a significant role in deter-
mining the success of femoral PTA, with the best results in
lesions that are focal, concentric or bandlike, without exten-
sive plaque burden or calcium. More complex lesions,
including those with “cauliflower” calcified plaque and
those with a large plaque burden that extends into the ori-
gins of the superficial femoral and profunda tend not to
respond as well to balloon dilatation. However, the avail-
ability of plaque debulking devices (e.g., directional
atherectomy, Fox Hollow atherectomy, laser atherectomy)
facilitate recanalization in some instances (see Chapter 23).

Treatment Considerations and Technique

The common femoral artery can be approached either con-
tralateral approach using a cross-over guiding catheter or
sheath or from the brachial approach. In occasional
instances, the lesion will be far enough from the sheath
insertion site that ipsilateral access is possible, though more
challenging technically. We occasionally use the ipsilateral
approach using atherectomy (Fig. 26.17), but typically

perform balloon angioplasty via the contralateral approach
(Fig. 26.18). When the lesion involves the bifurcation of the
common femoral into profunda and superficial femoral
artery (SFA) branches, kissing balloons must occasionally be
used. The biggest limitation of common femoral artery
angioplasty, however, is restenosis, which is generally
accepted to be �50%. Nonetheless, patients often may expe-
rience persistent relief of critical symptoms, even in the face
of moderately severe restenosis. Stenting the common
femoral artery risks stent compression or fracture, renders
subsequent surgical repair much more complicated, and
should be avoided or reserved for exceptional circumstances.

Profunda Femoris Artery

The deep femoral artery is the main source of collaterals to
the lower extremity. In the face of occlusion of the SFA or of a
fem-pop bypass graft, the profunda alone becomes responsi-
ble for maintaining viability of the lower extremity. Surgery

Figure 26.17 Directional atherectomy (DA) of right superficial
femoral artery (SFA) via antegrade puncture. A. Angiography via
antegrade puncture into right common femoral artery demon-
strates high-grade stenosis in proximal SFA, not favorable for bal-
loon angioplasty owing to ostial location/eccentricity. B. An 8F
directional atherectomy catheter introduced via sheath, which is
then pulled back to common femoral artery. C. Angiography fol-
lowing DA demonstrates excellent result.

Figure 26.18 Balloon angioplasty (PTA) of com-
mon femoral artery in a patient with multiple previ-
ous right leg surgical interventions, resulting in
severe scarring of right groin. A. High-grade, dif-
fuse stenosis in right common femoral artery, with
extensive collateral flow, supplying profunda and
femoropopliteal (fem-pop). B. Balloon angioplasty
(PTA) via contralateral approach. Balloon inflated to
15 atm. C. Post-PTA angiogram demonstrates mild
plaque fracture, with excellent patency. Patient’s
claudication symptoms resolved, and he continues
to be minimally symptomatic 4 years later.
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for disease involving the ostia of the SFA and profunda
involves endarterectomy and patch angioplasty. Balloon
angioplasty has been reserved for situations in which severe
ischemia is present (Rutherford category 4, 5, or 6) and
surgery is absolutely contraindicated, or when critical lesions
involve the mid or distal portions of the descending branch
of the profunda that are less accessible to the surgeon.
Technically satisfactory results of profunda PTA have been
described and suggest that this is a relatively safe procedure.
(See Chapter 34.) However, because of the potential for pro-
ducing limb-threatening ischemia or limb loss if the vessel
occludes, treatment of this site should generally be reserved
for patients with rest pain or critical limb ischemia in whom
no good surgical options are available.

Treatment Considerations and Technique

Angioplasty of the profunda, similar to that for the com-
mon femoral artery, is often most easily performed from
the contralateral side. Antegrade access is sometimes
appropriate, depending on the location of the stenosis and
the condition of the common femoral artery. If the lesion
is immediately adjacent to the common femoral, it may be
problematic to treat. Directional atherectomy may be per-
formed in an antegrade fashion at this site. Since the pro-
funda is the vessel of last resort for maintaining blood flow
to the lower extremity, a conservative posture should be
maintained with respect to balloon size and inflation pres-
sure. The outcome of stenting in the profunda is unknown,
so that stenting should be reserved for cases of flow-limit-
ing dissection or severe residual stenosis after balloon
angioplasty, wherein patency of the vessel and viability of
the limb might be threatened without maintaining an
open vessel. Debulking devices (directional atherectomy,
Fox Hollow Atherectomy, laser atherectomy) or novel bal-
loon techniques (cutting balloon angioplasty or cry-
oplasty) may be used here and in the common femoral
artery. However, systematic analysis of results with these
devices has yet to be performed.

Superficial Femoral and Popliteal Arteries

The frequency of symptomatic femoral-popliteal disease is
more than twice that of iliac disease and tends to occur in
older patients who have a greater incidence of concomitant
coronary artery disease. Despite a mean vessel diameter
between 5 and 6 mm, restenosis is nearly twice (40 to
60%) that for coronary interventions. Enthusiasm for
revascularization must thus be tempered by the lower like-
lihood of long-term success with either surgical or percuta-
neous approaches. 

Patients with superficial femoral-popliteal disease usu-
ally present with claudication or (less commonly) with crit-
ical limb ischemia. The presence of the profunda femoris as
a major source of collaterals to the lower limb protects
most patients with SFA occlusion from the dire conse-

quences of critical limb ischemia, so that even patients with
proximal SFA occlusion may have only mild claudication,
or no claudication at all. Decisions regarding intervention,
whether surgery or PTA, for infrainguinal disease must take
into account the degree to which the patient is disabled, the
presence of comorbid factors, and the anticipated short-
and long-term outcome. In general, patients with mild,
non-disabling claudication should be placed on conserva-
tive treatment with an exercise program to augment collat-
eral flow rather than undergoing interventional therapy for
SFA disease. Fewer than one-fourth of these patients will
progress to the point of developing more disabling symp-
toms or a threatened limb, which mandate therapy. 

Considerable controversy remains as to the relative role
of percutaneous therapy versus surgery. The results of bal-
loon angioplasty in the SFA have improved over time.
Murray and colleagues (130) noted that the technical suc-
cess improved from 70 to 91% between 1980 and 1989,
with excellent acute and long-term efficacy even for lesions
�10 cm long. Similarly, the success rate in crossing
occluded segments of the SFA and popliteal have improved
dramatically as a consequence of technical advances.
Foremost among these is the use of hydrophilic guidewires.
Among eight large series of patients undergoing PTA of
femoral-popliteal stenoses and occlusions, most of whom
were claudicants, the acute technical success ranged
between 82 and 96% (130–136). Primary patency rates at
1, 3, and 5 years averaged 60%, 50%, and 45%. Several fac-
tors influence long-term outcome following SFA-pop
angioplasty. Patients with intermittent claudication (versus
tissue loss), a more severe lesion at baseline, and lower
post-treatment residual stenosis tend to have a better out-
come at 1 year, whereas those with diabetes, threatened
limb loss, or diffuse atherosclerotic vascular disease with
zero to one vessel runoff have a worse outcome. The analy-
sis of Hunink and colleagues (137) examined the relative
benefit and cost effectiveness of PTA versus bypass surgery
for 5-year outcomes in approximately 4,800 PTA and 4,500
bypass procedures performed since 1995. Their conclusion
was that, for patients with disabling claudication owing to
femoral-popliteal stenosis or occlusion, PTA is the pre-
ferred initial treatment, whereas for patients with chronic
critical ischemia owing to femoral-popliteal occlusion,
bypass surgery is the preferred treatment (if feasible). The
excellent acute results that can be obtained from percuta-
neous techniques in the current era, and the fact that sub-
sequent surgical bypass is still possible if needed, has led
some to support a strategy of initial endovascular therapy,
including for the treatment of critical limb ischemia
(138).

Adjunct Therapies

For stenoses of the SFA and popliteal, the standard
approach is that of balloon angioplasty. Various technolo-
gies, including stents, directional atherectomy, rotational
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atherectomy, and laser angioplasty have been investigated
as means of improving long-term patency and reducing
restenosis in the SFA. In contrast with the documented
benefits achieved by use of endovascular stents for iliac
PTA, experience thus far in the SFA has been less favorable.
Results with nitinol SE stents are conflicting: In some stud-
ies, the restenosis rate has been prohibitively high (139);
yet in other studies, complex SFA disease treated with
stenting has yielded exceptional long-term results (140).
Recent revelations that stent strut fractures are occurring
routinely in devices placed for SFA/popliteal stenosis has
led to intensive analysis of the unique forces (stretching,
twisting, bending) at play in these vessels. It is hoped that
this scrutiny will result in development of devices more
suitable for this venue. Preliminary results with drug-
eluting stents in the SFA/popliteal circulation have not
been as favorable as in the coronary circulation.
Nonetheless, there is optimism that with appropriate dos-
ing, delivery profiles, and stent platforms, the results will
improve. Neither directional (Fig. 26.19) nor rotational
atherectomy has thus far been demonstrated to have an
advantage for SFA/pop revascularization, save for those
rare patients in whom the extent of calcific deposits ren-
ders the lesion refractory to alternative techniques. Laser
angioplasty has been used effectively in SFA/pop revascu-
larization, and the recent approval of large catheters may
enhance debulking. Nonetheless, no study thus far has
demonstrated definitive benefit of this device. 

For occluded femoral-popliteal arteries, whether or not
to use thrombolytic therapy in advance of PTA is controver-
sial. Lytic therapy can be successful in some patients with
even chronic total occlusion, because the occlusion in lower
extremity arteries is often characterized by a lengthy, gelatin-
like thrombus superimposed on a high-grade atheroscle-
rotic lesion. Lytic therapy thus can convert a long occlusion
to one that is either shorter or nonocclusive, which may
respond better to PTA. Despite the theoretical benefit, most
interventionalists opt for direct revascularization with PTA,
followed by use of SE stents for extensive recoil.

Some promising strategies lie on the horizon for treating
the vexing problem of SFA restenosis: it is hoped that drug-
eluting stents, covered stents, or local drug delivery might

reduce the incidence of restenosis. For cases where the ves-
sel is not amenable to revascularization, various strategies
to increase blood flow by triggering growth of new collater-
als, termed therapeutic angiogenesis, are being tested.
Preliminary results have been encouraging (141–143).

Treatment Considerations and Technique

Access
There are four potential routes of access to the SFA and
popliteal: antegrade common femoral artery puncture,
contralateral retrograde access over the aortic bifurcation,
retrograde popliteal artery access, and brachial access. The
most common route of access has been the antegrade
approach, which is more challenging than retrograde com-
mon femoral puncture. Familiarity with the local anatomy
at the level of the common femoral artery is essential (see
Chapter 14). As new catheters have been developed to
facilitate contralateral access, that approach has become
increasingly popular, especially among cardiovascular spe-
cialists who are more familiar with use of the retrograde
approach. The use of a kink-resistant sheath is critical to
maintaining access around the bifurcation of the aorta,
especially in the case of the acutely angulated bifurcation.
Any number of curved (Cobra, LIMA) or retroflexed
(Omni, Simmons) catheters can be used to obtain access
to the contralateral common iliac artery. The advantages to
this approach include the ability to image the common
femoral and its bifurcation and the ability to treat iliac and
infrainguinal disease in the same sitting. The disadvantage
is that of working from a distance with exchange-length
wires and balloons. In addition, traversal of critically nar-
rowed or occluded sites can be problematic because of
lack of support. The third approach, retrograde popliteal,
is reserved for rare cases where the antegrade or contralat-
eral approach fails to traverse an occluded segment, or in
the event that a subintimal channel has been created.
Complications associated with this approach are more fre-
quent, owing to the vital structures in the popliteal fossa,
the small size of the vessel, and the lack of familiarity with
this access. The brachial approach has the advantage of
providing better radiation protection, since one is working

Figure 26.19 Incremental luminal
patency resulting from individual
components of directional atherec-
tomy (DA). A. Angiogram shows high-
grade stenosis in superficial femoral
artery (SFA) pre-DA. B. Angiogram
shows improved luminal patency
resulting from Dotter effect of advanc-
ing DA catheter through lesion (no
balloon inflation, no atherectomy).
C. Angiogram shows further improve-
ment in luminal patency resulting
from balloon inflation (2 atm) without
activating cutter. D. Angiogram shows
final result accomplished by activating
cutter.
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far from the actual target site, but requires the use of
lengthy wires and devices.

When considering choice of access, it is important to
use all of the information at one’s disposal, including prior
angiographic examination, duplex study, and physical
findings of disease along the planned access route. For
example, if the contralateral iliac artery is severely diseased
or occluded, contralateral access may be excluded. In the
case of an aortic aneurysm, one might wish to avoid
brachial access. If duplex shows severe calcification and
diffuse disease in the popliteal artery, then that access site
should be avoided. Likewise, if the common femoral artery
has severe and diffuse disease, or if the origin of the SFA is
the target lesion site, then access other than ipsilateral
antegrade should be considered. In the current era, the
detailed and complex imaging that is available by com-
puted tomographic angiography (CTA) and magnetic reso-
nance arteriography (MRA) allow the interventionalist to
select the approach and interventional strategy preproce-
durally (see Chapter 14).

Infrapopliteal Arteries

Dotter and Judkins (4), in their original description of
peripheral angioplasty in 1964, included two cases of
angioplasty of infrapopliteal vessels. Since their original
report, the development of techniques and delineation of
indications for intervention below the knee have evolved
more slowly than for larger, more proximal vessels.
Published clinical experience involving PTA of the anterior
tibial, tibioperoneal trunk, posterior tibial, and peroneal
arteries, although increasing, has been more limited than
that described for aortoiliac and SFA/pop sites and reflects
multiple issues: The relatively small size of these vessels
(1.5 to 3.5 mm) and their distal location limits both access
and success, and it is rare for claudication to be owing to
isolated disease in one or two infrapopliteal arteries; knee-
to-foot patency of only one of the three major branches is
regarded as sufficient to prevent lower limb ischemia or
claudication. Restenosis rates in infrapopliteal vessels
appear to be considerably higher than those for more prox-
imal sites, and disease in the infrapopliteal vessels is often
occlusive, diffuse, and/or complicated by the presence of
heavy calcific deposits. Furthermore, many patients with
infrapopliteal disease have diabetes, which is associated
with atretic and diffusely calcified vessels that respond
poorly to balloon dilation.

As technological advances have been made, including
the development of low-profile balloons and atraumatic
coronary guidewires, the ability to treat infrapopliteal dis-
ease has improved. Over the past decade and a half since
Schwarten and colleagues (144) reported the first sizable
series of patients undergoing infrapopliteal revasculariza-
tion, the application of these techniques has become more
widespread. Infrapopliteal stenoses and occlusions can be
revascularized percutaneously with remarkably low risk

and technical success rates in the range of 80 to 95%. In a
large series reported by Dorros et al. (145), success was
achieved in 406 out of 417 patients (96%); the success rate
in stenoses (98%) was superior to that in occlusions
(76%). In-hospital complications were extremely low. The
vast majority of patients with critical limb ischemia (95%)
improved following revascularization. Such improvement
does not necessarily imply ongoing patency. Restoration of
flow through only one of the three major vessels to the
foot may be sufficient to heal a distal ischemic lesion.
Once healed, most patients will do well even in the face of
documented reocclusion or restenosis.

For patients with claudication, infrapopliteal disease
usually coexists with more proximal disease, revasculariza-
tion of which alone is often sufficient to achieve sympto-
matic relief. This differs from patients with ischemic ulcer-
ation, in whom restoration of uninterrupted patency to the
foot is generally required to heal the lesion. There is a sub-
set of patients who claudicate owing solely to infrapopliteal
disease, in whom there is an increasing body of experience
treating with percutaneous therapy. Such a strategy should
be reserved, at least for the present, for patients who have
severe symptoms (Rutherford category 3). Infrapopliteal
PTA may also be justified in claudicants who undergo
proximal revascularization (either with surgery or PTA) in
whom the runoff is severely impaired. Indeed, data pre-
sented previously show that outflow is the principle deter-
minant of long-term patency for fem-pop PTA. By recanal-
izing the outflow vessels, it is conceivable that the
proximal PTA site or the bypass graft may be more likely to
remain patent. This theory has not been formally tested in
peripheral vessels, although it seems to be the case in coro-
nary arteries.

Many of the patients treated with infrapopliteal angio-
plasty to date have been those who were too high risk or
otherwise unqualified for bypass surgery (16). The latter is
still considered to be the standard of care for patients with
critical limb ischemia owing to infrapopliteal disease.
Regardless of the conduit (reversed vein, in situ vein, or
prosthetic material), patency rates are nonetheless inferior
to those of more proximal reconstruction. It is conceivable
that the long-term clinical outcome of percutaneous ther-
apy may ultimately equal that of distal bypass grafting. A
controlled trial will be required to address this issue. It is
also conceivable that both of these revascularization strate-
gies could be replaced or augmented in many instances by
the strategy of therapeutic angiogenesis (146). If the body
can be stimulated to create its own new microcirculation,
then the issues of restenosis, reocclusion, and graft closure
become moot.

Techniques

The technical aspects of infrapopliteal angioplasty are sim-
ilar to those for coronary vessels. Antegrade common
femoral access is preferred, so as to optimize the ability to
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manipulate catheters in the vessels below the knee.
Selective injection via catheter placed at the level of the
knee is advised to optimally visualize the distal vascular
pattern. Digital subtraction is preferred. Not infrequently,
anatomic variants will be present, such as the anterior tib-
ial arising above the knee joint. Also, it is not unusual to
mistake one of the small side branches or collaterals for
the main arterial trunk. Adequate anticoagulation is criti-
cal, and administration of vasodilator therapy (nitroglyc-
erin or papaverine) may be useful. Initial attempts to cross
stenoses or occlusions should use small, coronary-type
guidewires (0.014 or 0.018 inch), although 0.035-inch
hydrophilic-type wires can also be used if necessary to
cross complex occlusions. Confirmation of a luminal posi-
tion in the distal vessel should be obtained prior to dilat-
ing, by removing the wire from the catheter and injecting a
small amount of dilute contrast through the guidewire
lumen into the distal vessel.

When performing infrapopliteal PTA, particular care
should be taken to be sure that subsequent surgical
options are not compromised. For example, overdilation
and disruption of a previously uncompromised distal ves-
sel may prohibit subsequent bypass to that site.

Rotational atherectomy, Fox Hollow atherectomy, cry-
oplasty, or excimer laser angioplasty (Figs. 26.20 and
26.21) can be useful as adjunctive therapy. Specifically,
lesions that have unfavorable morphology, such as total
occlusions, heavy calcification, and ostial disease, may
benefit from these niche devices (8,147). Previous studies
with rotational atherectomy have shown it to be useful
acutely, although data on long-term follow-up does not
suggest a benefit over balloon angioplasty alone. The use
of stents—including drug-eluting stents—is currently
under active investigation (Fig. 26.22). To summarize, the
percutaneous therapy of infrapopliteal vessels is still in
evolution, and indications are expanding. It is not unrea-
sonable, especially for patients with threatened limbs who
are high-risk surgical candidates, for experienced operators
to attempt percutaneous revascularization of offending
infrapopliteal lesions before committing the patient to
surgery. Although the restenosis/reocclusion rates are high,
long-term limb salvage can nonetheless be successfully
achieved. For the rare patients who have severe intermit-
tent claudication on the basis of infrapopliteal disease
alone, PTA may be a reasonable option. Finally, when SFA/
popliteal disease occurs in conjunction with infrapopliteal
lesions, revascularization below the knee may be reason-
able to increase the outflow following recanalization of the
proximal vessel.

Lower Extremity Bypass Grafts

Stenosis in a lower extremity bypass graft can threaten the
patency of the graft and shorten its life. The etiology of
bypass graft stenoses is variable. Stenoses that occur within
the first few weeks or months of graft placement usually

indicate a technical problem that is best treated by repeat
surgery and graft revision. Graft failure within a later time
frame (several months to years) can be owing to myointi-
mal hyperplasia, atherosclerosis, or progressive fibrosis of a
poor venous conduit. Several other factors may contribute
to graft failure, including the presence of poor inflow or
outflow, low cardiac output, a hypercoagulable state, com-
promise of the graft owing to patients crossing their legs, or
external compression of the graft by sclerosis and fibrosis
(for example, from a scarred groin). Prosthetic conduits are
more likely to present with abrupt occlusion, whereas

A B

Figure 26.20 Balloon angioplasty (PTA) of occluded anterior
tibial artery, tibioperoneal trunk, and peroneal artery in elderly
patient with foot ulceration and threatened limb loss. A. Baseline
angiogram demonstrates 2-cm occlusion of anterior tibial artery
(AT), high-grade stenosis of tibioperoneal trunk (TPT), and lengthy
occlusion of peroneal artery (per.). All three segments were
recanalized with Glidewire, followed by excimer-laser angioplasty
and PTA. B. Final angiogram post-PTA demonstrates widely patent
anterior tibial, tibioperoneal trunk, peroneal artery.
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Figure 26.21 A. Diffuse right superficial femoral artery disease causing exertional claudication.
B. Following initial treatment with Fox Hollow atherectomy demonstrating improvement in lesion
severity but significant residual stenosis. C. Final angiographic result demonstrating a satisfactory
atherectomy result. D. Atherectomy strips obtained following (B) and (C). The longest strip measures
4 cm. 

Figure 26.22 Infrapopliteal stenosis (A, arrow) causing lifestyle-limiting claudication. The lesion was
treated successfully with balloon angioplasty, resulting in a 20% residual; however, recurrence of symp-
toms resulted in repeat angiography, which demonstrated significant restenosis at the site of balloon
angioplasty (B). This was treated with a Taxus drug-eluting stent (2.75 � 12 mm C), which was widely
patent at 6-month repeat angiography performed for progression of other disease (D).

A B C D
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native venous conduits tend to present with a progressive
downhill course. Of course, even in the case of the latter,
abrupt thrombosis and acute limb ischemia can occur.

Frank or impending graft failure is often not heralded
by increasing clinical symptoms. Accordingly, a strategy of
regular graft surveillance using duplex ultrasonography is
recommended to preserve and extend the life of the graft.
For impending graft failure, either detected by duplex ultra-
sonography or increasing symptoms, immediate arteriog-
raphy is recommended, followed by either surgical or per-
cutaneous revascularization. As stated in the AHA task
force guidelines in 1994, focal lesions of the distal anasto-
mosis of a fem-pop or fem-tib graft are amenable to PTA
(Fig. 26.23; 1). Other lesions that may be amenable
include focal stenoses of proximal graft anastomoses or
short-segment lesions (3 cm or less) occurring within the
bypass graft. Lengthy lesions (especially �10 cm) and
stenoses associated with anastomotic aneurysms are rec-
ommended to undergo surgical revision.

Patients presenting with acute or subacute graft throm-
boses (�14 days) are best treated with catheter-directed

thrombolysis (Fig. 26.24; 148,149). An alternative is bal-
loon embolectomy, although the latter strategy may be
associated with a higher morbidity and mortality over the
ensuing year (149). The one exception to this is the
recently placed graft that fails almost immediately, which
should return immediately to the operating room for sur-
gical thrombectomy and revision. For patients with long-
standing grafts that fail, determination of the factors
responsible may require re-establishing enough flow to
visualize the graft angiographically. In cases of early graft
failure, examination of angiographic studies may provide
clues previously overlooked, such as stenosis of an inflow
vessel, poor or inadequate distal runoff, or the presence of
a venous side branch that was not sutured.

Technique

For patients presenting with impending graft failure based
on a duplex study, access should be obtained so as to opti-
mize the therapeutic alternatives. For example, after
angiography documents the presence of a proximal or

Figure 26.23 Right anterior oblique view of critical stenosis (straight arrow) at origin of fem-pop
graft (G) and moderate irregular lesion (curved arrow) at distal end of jump-graft placed during pre-
vious graft revision. Superficial femoral artery (SFA) is occluded proximally. Lesions were detected
during routine surveillance (patient asymptomatic). Because of proximity of lesions to ipsilateral
common femoral artery, contralateral access may be preferred. Post–balloon angioplasty (PTA),
stenoses eliminated, but regular surveillance will be essential to prevent graft failure.
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distal anastomotic lesion, it is conceivable that the lesion
may be resistant to balloon dilation alone. In these cases,
directional atherectomy may prove useful for salvaging the
graft. The results using directional atherectomy appear to
be comparable with those of surgical revision, although
direct head-to-head comparison has not been carried out.
Likewise, although stents have been advocated by some for
use in failing vein grafts, their utility has not been studied
in any formal trials to date.

TRAINING AND CREDENTIALING

Percutaneous intervention for treatment of peripheral vas-
cular disease has been adopted by multiple specialties,
including interventional cardiology, vascular surgery, inter-
ventional radiology, and others. Such widespread applica-
tion necessitates development of standardized guidelines
for physician training and credentialing to ensure that
patients will receive optimum care. Accepted guidelines
regarding the minimal requirements necessary to care for
patients with PAD and perform peripheral vascular proce-
dures have been described in the multidisciplinary Clinical
Competence Statement on vascular medicine and catheter-
based peripheral vascular interventions (150). More spe-
cific recommendations apply to carotid interventions and
have recently been ratified by the cardiology, vascular
surgery, and vascular medicine communities, with a view
to establishing a common set of criteria for training and
credentialing to facilitate safe and orderly dissemination of
this new therapy into clinical practice (151).

Cardiologists, whether still in fellowship or established
in practice, who wish to care for patients with PAD and per-
form peripheral interventions must prepare properly to
provide their patients optimal care. Until the cognitive, clin-
ical, and procedural skills are incorporated routinely into
formal cardiology fellowship programs, additional training
is necessary. In particular, carotid revascularization involves
interventional skills, equipment, and clinical management
skills that differ significantly from that used in other vascu-
lar distributions. Moreover, it involves treatment of a
uniquely sensitive organ system, wherein minor errors or
complications can have catastrophic effects. Given the high-
risk nature of carotid revascularization and the availability
of alternative treatment modalities, decisions regarding
optimal therapy require a comprehensive knowledge base
of the disease and its ramifications to properly assess the
risk—benefit ratio of each therapeutic option. Experienced
operators have been shown to have improved outcomes in
carotid stenting.

As a result of these considerations, a joint committee
including the societies of each specialty involved have
proposed minimal training requirements that cover pro-
ficiency in the cognitive, technical, and clinical skills
necessary to safely perform carotid stenting. The cogni-
tive requirements include comprehensive understanding
of the risk factors, epidemiology, pathology, pathophys-
iology, natural history, clinical presentation, and thera-
peutic alternatives for patients with carotid artery dis-
ease to allow appropriate decision-making regarding
indications, limitations, and complications of the
procedure. 

Figure 26.24 Thrombolysis, rheolytic thrombectomy, and balloon angioplasty (PTA) for subacute
thrombosis of superficial femoral artery (SFA)-to-popliteal Dacron graft. A. Distal SFA occluded at
proximal graft anastomosis; popliteal reconstituted by collaterals, so limb not imminently in jeop-
ardy. B. Infusion catheter placed across thrombosed graft, after traversing with hydrophilic wire; 
t-PA administered for 6 hours at 3 mg/hour. Residual hazy filling defect treated with Possis AngioJet.
C. Postlysis and Possis, underlying inflow and outflow stenoses (caused by pseudointima) and
responsible for flow compromise and graft thrombosis, were identified and (D). dilated. E. Final
result shows restoration of normal flow/caliber.
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The catheter-based treatment of congenital heart disease
has been the traditional domain of Pediatric interven-
tional cardiologists. But the successes of both pediatric
cardiac medicine and pediatric cardiac surgery over the
past 40 years have resulted in a growing population of
adults with corrected congenital cardiac lesions that few
adult cardiologists are prepared to manage. Concurrently,
structural and congenital cardiac disease have become
increasingly important issues in adult cardiology as the
clinical significance of lesions such as patent foramen
ovale are recognized and new catheter devices and proce-
dures for their correction are introduced. Most adult inter-
ventional cardiologists, however, have little training in the
evaluation and repair of these congenital lesions, whereas
pediatric interventional cardiologists have little training in
the common superimposed “adult” cardiology issues
(such as hypertension, obesity, and coronary artery dis-
ease) or the differences in symptoms and indications for
intervention compared with those in children with the
same lesion. To help bridge this gap, this chapter will
focus on a series of interventions for congenital heart dis-
ease that apply to both the pediatric and the adult popula-
tion, noting procedural modifications that are required to
accommodate a baby or an adult patient. Since knowledge
of the physiologic and hemodynamic consequences of
these lesions is at least as critical as knowing the steps of
the procedures, a brief review of the underlying patho-
physiology is also included in each section (see also
Chapters 6 and 33).

THE CONGENITAL CATH LAB

Catheterization laboratories that perform procedures on
patients with congenital heart disease differ from those treat-
ing mostly coronary disease. Many congenital procedures are
best done in a biplane cath lab, as finding holes and complex
surgically constructed pathways requires three-dimensional
imaging, case times are usually longer than those of coronary
cases, and the spectrum of equipment required for congeni-
tal cases is quite different. Because of the wide variety of con-
genital lesions and patient sizes, as well as the uncertainty as
to when a particular catheter or device might be needed, a
large number of items must be stocked. The laboratory
administration thus must be willing to accept having some
equipment expire unused rather than risk not having the crit-
ical catheter or wire available when it is needed.

In contrast to the early days of congenital catheteriza-
tion, it is currently uncommon to perform purely diagnos-
tic procedures. Echocardiography (transthoracic in children,
transesophageal in adults), and now cardiac magnetic reso-
nance imaging (MRI), are powerful noninvasive imaging
modalities that allow the definition of the anatomy and
assessment of both simple and complex physiology
(including shunts, valvar dysfunction, and obstructions
within the circulatory pathways). Instead, cardiac catheter-
ization has become the preferred and minimally invasive
way to perform repairs and palliations of straightforward
congenital heart defects whose correction was previously
limited to the operating room. 
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CONGENITAL OBSTRUCTIVE LESIONS

Obstructive Lesions of the Right Ventricular
Outflow Tract

Obstruction to pulmonary blood flow is one of the most
common and important abnormalities associated with
congenital heart disease, and congenital interventions
therefore frequently involve relief of this problem.
Congenital obstruction of the right ventricular outflow
tract can occur at the subvalvar level (muscular obstruc-
tion), at the valvar level, at the supravalvar level, or at the
level of the branch pulmonary arteries. Although the level
of obstruction can usually be determined echocardio-
graphically, each lesion has a unique hemodynamic pattern
and angiographic appearance (Fig. 27.1A–C). They have in
common, however, increased afterload on the right ventri-
cle (RV) myocardium, resulting in right ventricular hyper-
trophy and reduced diastolic compliance of the ventricle as
a receiving chamber with a corresponding increase in right
atrial filling pressures. The clinical symptoms associated
with this lesion depend both on the degree of obstruction
and the age of the patient.

Subvalvar Pulmonary Stenosis

Subvalvar obstruction is usually muscular in nature
and is not generally amenable to catheter intervention
(Fig. 27.1A). Residual or recurrent infundibular obstruc-
tion is most commonly found in patients who have under-
gone repair of tetralogy of Fallot. Double-chambered right
ventricle (DCRV) also features hypertrophy of the infundibu-
lar muscle, causing it to closely appose the free wall of the
RV in systole and narrow the outflow tract below the pul-
monary valve. In children, this lesion may be associated
with small membranous ventricular septal defects or
membranous subaortic obstruction. Over time, the mem-
branous ventricular septal defect may close sponta-
neously as the infundibular obstruction progresses, so
that DCRV may present in the adult as an apparent iso-
lated subvalvar obstruction. Pulmonary valve annular
hypoplasia may also present in the setting of significant
right ventricular outflow obstruction and can be found in
patients as residua of surgically corrected coronary heart
disease (CHD). This lesion is not generally amenable to
transcatheter intervention owing to the fibrous ring of the
hypoplastic annulus that resists balloon dilation.

Supravalvar Pulmonary Stenosis

Except when scarring from previous surgical interventions
produces narrowing of the main pulmonary artery (MPA;
i.e., following arterial reconstruction in neonatal transposi-
tion of the great arteries, or tetralogy of Fallot), supravalvar
obstruction occurs at the sinotubular junction and is con-

genital. Supravalvar stenosis at the sinotubular junction
can be confused echocardiographically with valvar disease,
because the normal leaflets are limited in their forward
motion by the distal ridge of muscular tissue (Fig. 27.1B),
appear to dome, and exhibit turbulent flow at the leaflet
tips on Doppler, just as is seen in valvar pulmonary
stenosis (PS). Balloon dilation of supravalvar obstructions
is largely unsuccessful owing to the muscular/elastic nature
of the arterial wall in the MPA. Stents have been placed
successfully to relieve obstruction in the supravalvar
region, but risk stenting open the pulmonary valve and
causing severe insufficiency, most often a poor trade-off for
moderate PS.

Valvar Pulmonary Stenosis

Valvar PS is a common congenital lesion. Similar in nature
to congenital aortic stenosis, it is caused by commissural
fusion that precludes the leaflets separating fully (Fig. 27.1C).
The result is a diminished valve orifice/valve area resulting
in increased RV afterload. 

The natural history studies of isolated valvar pulmonary
stenosis in children indicate that a pressure gradient �50
mm Hg is associated with poor long-term outcomes,
including RV myocardial dysfunction, ventricular arrhyth-
mia, and sudden death (1–3), whereas pressure gradients
�30 mm Hg are not associated with symptoms, changes in
lifestyle, or life expectancy. As treatment has shifted from
surgical to catheter-based therapy, the indications for inter-
vention have changed somewhat. Currently, any patient with
a valvar gradient �40 mm Hg should undergo balloon valvulo-
plasty.

Neonatal Critical PS
Critical PS, or valvar pulmonary atresia in the neonate,
presents with cyanosis. Desaturated blood returning to the
right atrium (RA) can either enter the severely hypertro-
phied, sometimes diminutive RV chamber or flow right to
left across the patent foramen ovale (PFO), as it did
throughout fetal life. This shunt adds desaturated blood to
the pulmonary venous return on the left side of the heart,
accounting for the cyanosis. If the atrial level shunt is large
enough, the patient may be dependent on the coexistence
of a patent ductus arteriosus (PDA) to provide pulmonary
blood flow. When the PDA begins to close (12 to 48 hours),
the child becomes progressively hypoxemic, requiring
prostaglandin E1 (PGE1) to reopen and to maintain ductal
patency until an appropriate intervention can be performed. 

Even after successful balloon intervention (see below),
the hypertrophied RV continues to present a diastolic imped-
iment to forward flow, allowing systemic venous blood to
cross the PFO to the LA, causing ongoing systemic desatura-
tion. However, as long as the infant can maintain an oxygen
saturations greater than 70% and does not develop acidosis,
PGE1 can be discontinued, however. Over a course of weeks
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Figure 27.1 A. Top. Subvalvar pulmonary stenosis (PS). Severe
muscular dynamic narrowing of the RV outflow tract (white arrows),
well below the level of the valve leaflets (black arrows). Bottom.
Systolic pressure remains unchanged (pullback 1) as diastolic pres-
sure falls indicating transition into the ventricle. On further withdrawal
of the catheter (pullback 2), there is a large systolic gradient with no
change in diastole, consistent with an intraventricular obstruction.
MPA, main pulmonary artery; RV, right ventricle. B. Top. Supravalvar
PS. The thickened pulmonary valve leaflets (white arrows) abut the
supravalvar muscular ridge at the sinotubular junction (black arrows),
not allowing full leaflet excursion. Bottom. There is a jump in the sys-
tolic pressure on pullback, but no fall in the diastolic pressure, indi-
cating that the catheter remains in the PA, distal to the valve. A sec-
ond pullback reveals no further systolic gradient coming back into
the ventricle. C. Top. Valvar PS. Doming valve leaflets (black arrows)
are fused and cannot open fully. Jet of contrast through valve orifice
is well profiled. Bottom. Systolic pressure gradient occurs at same
site/time where diastolic pressure falls, indicating transition through
the valve from artery to ventricle.
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to months, after elimination of the right ventricular after-
load, the right ventricular myocardium thins and becomes
more compliant so that right-to-left shunting diminishes and
the patient’s oxygen saturation normalizes. Rarely, ongoing
RV noncompliance, often in combination with right ventric-
ular and tricuspid valve hypoplasia, may result in persistent
desaturation in the absence of significant residual PS, requir-
ing closure of the PFO to eliminate the right-to-left shunt.

PS in Children
In most children, PS presents as an asymptomatic heart
murmur. Gradients are followed noninvasively with
Doppler echocardiography. It is important to note that the
peak instantaneous echo gradient usually overestimates
the peak-to-peak gradient measured in the cath lab (Fig.
27.2) when considering the timing of the intervention in a
child. Severe obstruction is associated with surprisingly
few symptoms in young children, who often maintain
patency of the PFO to allow for right-to-left shunt at times
of peak exercise (exercise-induced cyanosis). In patients
who are cyanotic at rest, it is important to recognize that
neither the echo nor catheter estimates of valve gradient
accurately reflect the degree of obstruction, since only part
of the cardiac output is traversing the valve.

Adolescents/Adult Patients
Valvar PS is one of the most common congenital valve
lesions in the adolescent and adult population, since the
lack of symptoms in the pediatric age group may delay
early recognition. The most common presentation in
adulthood is exercise intolerance, breathlessness, and

fatigue. Classic signs of right heart failure—peripheral
edema, jugular venous distension, and ascites—are rare
until a nearly premorbid state. But the excessive right ven-
tricular afterload limits RV systolic performance, and
thereby diminishes left ventricle (LV) preload and cardiac
output during exertion. Adult PS patients thus tend to be
more symptomatic than children with similar gradients, but
we have seen patients in their eighth and ninth decades of
life with very high gradients (80 to �100 mm Hg) and few
or no symptoms. 

Valvar PS in the adult may also be acquired as part of
carcinoid heart disease (4). These valves become thickened
and dense and more closely resemble the dysplastic neona-
tal valves, whose resistance to flow is not related to valve
leaflet fusion, but rather to the force required to push open
the thickened leaflets. These thickened valves are much less
responsive to balloon valvuloplasty. 

Percutaneous Balloon Pulmonary Valvuloplasty

Percutaneous pulmonary valvuloplasty in children was first
reported by Semb et al. (5) in 1979. However, the static
balloon technique, reported by Kan et al. (6) in 1982, was
the first to be applied widely. Results have demonstrated
the safety and effectiveness (7–10) of this technique and
have established it as the treatment of choice for children
and adults with isolated pulmonary valve stenosis (see
Chapter 25).

Pediatric Technique
Echocardiographic evaluation is critical to successful out-
come prior to intervention. It defines the degree of obstruc-
tion as well as the valve morphology, allows extremely
accurate measurement of the pulmonary annulus, and
rules out any associated defects. With advancing engineer-
ing and material technology, balloon dilation catheters are
now available on catheters as small as 3F, allowing us to
perform pulmonary balloon valvuloplasty in premature
infants under 2 kg. 

After intravenous sedation, femoral venous access is
obtained and a balloon-tipped angiographic or end-hole
catheter is used to perform right heart catheterization. In
the absence of associated defects, the pulmonary artery
(PA) saturation is used to estimate predilation cardiac index
(Fick calculation). In most cases, femoral arterial access is
not required, as complications from arterial access proba-
bly far outweigh the complications of the valvuloplasty in
children under 10 kg. After administration of heparin in a
dose of 50 to 100 U/kg, the right heart catheter is advanced
across the valve to the branch pulmonary artery and a pres-
sure pullback is performed (Fig. 27.1C). The peak-to-peak
gradient across the pulmonary outflow is measured. A right
ventricular angiogram is then performed using both lateral
and cranial-angled AP projections (biplane) to localize the
valve and confirm the echocardiographic annulus size by
measuring across the outflow tract at the level of the valve

Figure 27.2 Simultaneous right ventricle (RV) and main pul-
monary artery (MPA) tracings in a patient with pulmonary stenosis.
The bracket demonstrates the peak-to-peak gradient as measured
in the cath lab. The arrow shows the peak instantaneous pressure
difference, which corresponds to the peak velocity as measured by
Doppler echocardiography. In general, the echo overestimates the
degree of obstruction found in the cath lab.
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hinge points. A balloon diameter 1.2 to 1.4 times that of
the annulus is selected, since the use of oversized balloons
in pulmonary valvuloplasty has been shown to produce
optimal results in children (11). In larger patients, with an
annulus size �20 mm, modifications in technique are
required (see Adult Patients below). A balloon length of 2
to 3 cm is adequate in most children and avoids some of
the potential complications of right ventricular outflow
tract trauma and injury of the tricuspid valve. 

A balloon end-hole catheter is floated to the distal right
or left pulmonary artery (angled, torquable catheters may
also be used), and a stiff exchange-length guidewire is
placed in the branch PA. The sheath and catheter are
removed, and the desired valvuloplasty balloon is intro-
duced over the guidewire. Although introduction of “naked”
balloon catheters have been advocated by some, we prefer
the use of a short venous sheath large enough to accommo-
date the appropriately sized balloon. Once the balloon
catheter is centered on the pulmonary valve, the position
can be adjusted quickly using a series of very-low-pressure
partial inflations to look for the valve “waist.” When in the
appropriate position, the balloon is inflated rapidly until
the waist disappears, then immediately deflated. Ideally, the
balloon, with mild traction, will remain centered on the
valve, and with increasing radial pressure will “pop” open
the valve. This popping sensation probably relates to the
tearing of the stenotic valve commissures. 

After successful opening of the valve, the balloon will
jump forward with forward flow, which must be distin-
guished from the forward “squirting” of a balloon that has
been positioned too far into the PA, since the latter means
that the valve has not been effectively dilated. In patients
with dysplastic or thickened pulmonary valves, there will
be no pop as the balloon is inflated to full pressure, but
only a gradual resolution of the waist with increasing
balloon pressure and a return of the waist as balloon pres-
sures fall—these valves are rarely amenable to balloon
valvuloplasty. 

If a suboptimal result is obtained, repositioning and
immediate reinflation may help. A larger-lumen catheter
(i.e., a guiding catheter) can be advanced over the
guidewire into a branch PA, using a Y adapter (Tuohy-Borst
valve) to measure pressure from the side arm as the
catheter is withdrawn slowly across the dilated valve. In
this way, residual pressure gradients can be measured and
accurately localized to either the valvar or infundibular
level (see Complications below). Residual valvar gradients
of more than 20 to 30 mm Hg are unusual and suggest
suboptimal balloon size or position and warrant repeat
dilation with advancement of a suitable dilation catheter
over the guidewire that is still in place in the PA.

Pediatric Modifications of the Procedure
In neonates, access for the procedure can be obtained at
the umbilical vein, provided that the ductus venosus in the
liver has not closed. This access route is readily accessible

and avoids injury/obstruction of the femoral vein. In older
patients, internal jugular and subclavian approaches are
also acceptable for the procedure. Percutaneous transhe-
patic access has also been used.

With severe PS, the catheter across the tiny valve lumen
may completely or virtually completely obstruct flow. In
this setting, we prefer to perform the RV angiogram prior
to crossing the valve to minimize hemodynamic compro-
mise. Once the valve is crossed, the catheter is removed
quickly, leaving only the guidewire to minimize obstruc-
tion to flow. In neonates, it is almost never possible to pass
a balloon-tipped catheter through the valve, making our
catheter of choice a torquable 4 or 5 French end-hole
catheter with a multipurpose or Berenstein curve. This
catheter is manipulated through the tricuspid valve and
flipped up into the RV outflow tract, and a 0.014-inch
torque-control guidewire is used to probe for the valve
orifice. Once the valve is crossed, the wire is positioned
either in a branch pulmonary artery or through the
ductus arteriosus into the descending aorta where it can
be snared from the descending aorta to stabilize the
position further (12). Most often, we will first use a
smaller balloon on a smaller catheter shaft to predilate
the valve, followed by an oversized balloon to finish the
procedure.

Valvar pulmonary atresia also presents with cyanosis in
the neonate and requires patency of the ductus arteriosus
to provide pulmonary blood flow. In some cases, the
pulmonary valve annulus, the RV chamber volume, and
the tricuspid valve annulus may be sufficient to allow
handling of the normal pulmonary blood flow. In these
patients, several techniques have been used to perforate
the atretic valve, including stiff guidewires, trans-septal
needles, or radiofrequency ablation (13,14). Once the
valve is perforated and a wire advanced into one of
the branches or down the descending aorta (through
the PDA), balloon dilation proceeds as if for critical
neonatal PS.

Adolescent/Adult Technique 
Percutaneous balloon valvuloplasty in adults is discussed
extensively in Chapter 25 and is similar to what we
describe for younger children. The principle difference is
that the valve annulus is larger, and owing to balloon
diameter oversizing by 20 to 40% compared with the
annulus, balloons of 25 mm or larger are often required.
There are three solutions to this size issue.

1. Custom balloons are available in sizes up to 30 mm.
No real differences are therefore required in the technique,
but these balloons require longer inflation times, longer
deflation times, lower burst pressures, and larger sheath
sizes.

2. Double balloon technique. A second venous access is
obtained and a balloon-tipped end-hole catheter is passed
to the distal PA. A second stiff exchange-length guidewire
is placed across the valve. The perimeter of the combined



balloons is selected to be 20 to 40% larger than the mea-
sured annulus (15), and the balloons are inflated simultane-
ously. The double balloon technique allows the use of two
smaller sheaths but requires additional venous access and
additional personnel; it also has increased technical difficul-
ties of accurately positioning two balloons during inflation.

3. We prefer the use of an Inoue balloon for adoles-
cent/adult pulmonary valvuloplasty (16). After hemody-
namic evaluation and RV angiography, a 14 French sheath is
exchanged over a wire and a 0.032-inch stiff exchange
guidewire is positioned in the branch pulmonary artery. An
Inoue Balloon is selected with a diameter 1.2 times the valve
annulus, stretched/slenderized, and passed over the wire to
the right atrium. At that point, the balloon is softened by
retraction of the metal slenderizing rod, and the distal por-
tion of the balloon is inflated slightly to help float the
catheter through the valve. If there is difficulty in manipulat-
ing the Inoue balloon through the RV to the PA, a long 14
French Mullins sheath can be passed over a wire into the PA,
and the Inoue can be advanced through the long sheath (the
sheath may need to be cut shorter to accommodate the
Inoue length). Once positioned in the main pulmonary
artery, the valvuloplasty is performed exactly as a mitral
valvuloplasty (see Chapter 25). A Y adapter can be
attached directly to the back of the Inoue, and a pressure
can be measured from the sidepost during pullback, over
the wire. Advantages of the Inoue technique include pro-
viding variability in balloon size and minimizing the risk
of tricuspid valve or branch pulmonary artery injury owing
to the short length and positional accuracy of the balloon.
Disadvantages are the large sheath size required and the
higher cost of the Inoue compared with other balloon dila-
tion catheters.

Complications

Acute Subvalvar (Infundibular) Obstruction
With severe valvar PS, particularly in older children and
adults, concentric right ventricular hypertrophy is present
universally. When the afterload at the valve is acutely
removed, a hypercontractile RV outflow tract may create
dynamic subvalvar muscular obstruction, which has been
termed the “suicidal right ventricle.” The total gradient
across the outflow tract may actually be higher than it was prior
to the balloon dilation. It is critical to recognize the difference
between residual valvar obstruction and resulting subvalvar
reactive obstruction, so as not to perform unnecessary addi-
tional valve dilations. A careful pullback pressure recording
performed over a wire (as outlined above) is the best way
to determine the level of residual obstruction. If the subval-
var obstruction is severe enough, cardiac output may fall
acutely. The treatment of these patients is much like that
with left-sided hypertrophic obstructive cardiomyopathy.
Volume loading should be combined with beta- and/or cal-
cium channel blockers to reduce myocardial contractility.
But the hypertrophy of the outflow tract muscle generally

recedes over a course of several weeks to months (17) with
elimination of the subvalvar gradient. 

Other complications are extremely rare and include
tricuspid valve injury, as a result of wire tension on the
tricuspid valve leaflet during inflation or in pulling the
partially deflated balloon back through the TV. Pulmonary
insufficiency can be seen after successful dilation, but is
usually well tolerated acutely. Long-standing valvar regur-
gitation, however, may lead to RV dilation and dysfunction
in adults. In children, long balloons may rarely injure/rup-
ture the curved RV outflow tract as the balloon straightens,
and a long balloon advanced or propelled too far into one
of the branch PAs may cause injury at that site. Finally, the
wire tracking through the tricuspid valve can pinch or
damage the AV node, resulting in high-degree AV block. At
our center, however, more than 94% of pulmonary valve
procedures in all age groups were uncomplicated.

Current Status

Over more than two decades, pulmonary balloon valvulo-
plasty has been shown to be an extremely safe and effective
therapy in all age groups. Acute and long-term gradient
reductions are comparable to surgical interventions,
whereas complications, including pulmonary regurgitation,
are less prevalent than after surgery (18). Balloon valvulo-
plasty is a curative procedure for most patients and should
be considered the procedure of choice for valvar pulmonary
stenosis with a transvalvar gradient of �40 mmHg at any
age, in symptomatic adults with gradients �30 mm Hg, and
in neonates with critical pulmonary stenosis.

Over the last 5 years, much research has been devoted to
the development of transcatheter semilunar valve replace-
ment therapy. Because pulmonary artery surgery is such a
central part of the repair of CHD, Bonhoeffer’s group has
focused on the replacement of the pulmonary valve. Their
work, with a bovine jugular valve sewn inside a balloon-
dilatable stent, has yielded excellent bench, animal, and
now early human results (19–21; see Chapter 25). 

Branch Pulmonary Artery Stenosis

Branch pulmonary artery stenosis or hypoplasia may be
acquired (e.g., at sites of prior surgery) or may be congenital
(i.e., tetralogy of Fallot). Numerous systemic congenital
syndromes are also associated with branch PA stenosis/
hypoplasia (Williams, congenital rubella, Alagille, etc.).
Branch PA stenosis is typically a hemodynamic burden that
must be dealt with in children, but can be seen in adults as
residua of earlier congenital heart surgery or rarely as an
isolated congenital lesion (22).

Anatomy ranges from single stenotic areas to multiple
stenoses to diffuse hypoplasia of the vessel. In contrast
with other right-sided obstructive lesions, the branch PA
stenosis not only increases RV afterload, but also results in
hypoperfusion of one lung or selected lung segments, with
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overcirculation to others because of the parallel pathways
available to the pulmonary blood flow. Indications for
angioplasty include elevated right ventricular systolic pres-
sure (greater than one-half of aortic systolic pressure), hyper-
tension in unaffected portions of the vascular bed, marked
decrease in flow to an affected portion, and/or symptoms. 

Quantitative lung perfusion scans have been extremely
useful in the preoperative assessment of these patients
(23). Unlike most other imaging modalities, flow to each
individual lobe can be quantified, yielding information
about relative severity of the individual stenotic lesions.
This can help direct therapy prior to arrival in the cath lab
and avoid unnecessary catheter/wire manipulation during
what are often lengthy procedures. Cardiac MRI is also
now being used to assess flow volumes in this setting.

Balloon angioplasty for hemodynamically important
branch pulmonary artery lesions can be accomplished with
various small peripheral vascular balloon catheters. Specially
designed high-pressure balloon catheters or bladed cutting
balloons may be used for more resistant lesions. Placement
of intravascular stents has become the treatment of choice in
older children and adults who have completed or nearly
completed their growth. Particularly in the proximal, more
muscular branches of the pulmonary tree, stents more reli-
ably improve vessel size, overcoming the recoil of these elas-
tic vessels, and reduce the need for oversized balloons. With
increased experience demonstrating that later stent re-expan-
sion is possible/safe, stents are now being used in even the
youngest patients in critical situations. 

Balloon Angioplasty for Branch PA Stenosis

Technique
Pulmonary arteries are most commonly dilated from the
femoral veins, but can be dilated from the subclavian or
internal jugular vein or from the femoral arteries in patients
with systemic-to-pulmonary artery shunts. Though less
commonly used, the subclavian or internal jugular approach
is easier in many patients owing to the support afforded to
the catheter course at the right atrial floor. After hepariniza-
tion, and the optional placement of a small arterial catheter
for blood pressure monitoring, right heart hemodynamics
are measured, and the magnitude and location of gradients
in the pulmonary arteries are determined. In patients with
symptoms of right ventricular failure, creation of an atrial
septal defect prior to dilation may decrease morbidity and
mortality. Pulmonary angiograms should include selective
injections (anteroposterior [AP] and lateral) in each lung
and in affected lobes or segments (see Chapter 13).
Selective catheterization of the lung segments is best
accomplished using a steerable end-hole catheter and a
floppy-tipped torque wire. Once satisfactory wire position
is attained, a cutoff pigtail with a side-arm adapter may be
exchanged over the guidewire, or one of the newer angio-
graphic monorail catheters may be used. Either technique
allows pressure measurements, angiograms, and dilations

to be performed without losing wire position. Lower-
volume, selective injections in the affected lobes almost
always yield superior images compared with injections to
both lungs. Prior to dilation, a stiffer exchange-length wire
should be passed to the largest vessel distal to the stenosis
to minimize the risk of aneurysm formation with overdila-
tion of small distal vessels.

The ideal balloon has a low profile, a short distal tip,
and a high maximal inflation pressure. The balloon diame-
ter is chosen to be two to four times the diameter of the
lesion but not more than two times the diameter of the
normal vessel on either side (24,25). The balloon is
inflated until the waist disappears or until maximum infla-
tion pressure is reached. Inflation times range from 10 to
60 seconds, depending on the response of the waist and
how well the cardiac output is maintained. Unlike dilation
of the semilunar valves, in which all output from the ven-
tricle is eliminated during inflation, perfusion of the other
lung/lobes will maintain cardiac output and will allow
longer inflation times. Like with coronary angioplasty
(Chapter 22), successful dilation generally results in tear-
ing of the intima and media (26). 

Following dilation, the balloon catheter is exchanged
over the guidewire for a cutoff pigtail or monorail catheter,
and the lesion is reassessed hemodynamically and angio-
graphically. Successful dilation usually is accompanied by
an increase in pressure distal to the angioplasty site, and
usually results in both a decrease in proximal pressures
and a decrease in the gradient across the area. Angiograms
are repeated to measure the diameter of the stenosis and to
look carefully for tears and aneurysms that may preclude
further balloon dilation. For this reason, distal lesions are
dilated prior to proximal lesions, and more severe stenoses
are dilated prior to milder ones. 

Results
The criteria for successful dilation have been arbitrarily
defined as an increase in diameter of �50%, an increase in
flow in the affected segment of �20%, and/or a decrease of
�20% in the systolic right ventricular-to-aortic pressure
ratio. Using these criteria, the success rate using low-pressure
balloons was approximately 60% (27,28). The use of high-
pressure balloons with inflation pressures as high as 21
atmospheres increased the success rate to 75% (29). The
success rate for postoperative stenoses is higher than for
congenital stenoses. The incidence of restenosis following
balloon angioplasty is approximately 15%. Complications
have included death in approximately 1% of patients sec-
ondary to pulmonary artery rupture or pulmonary edema.
Aneurysms occur in 3% of dilations and are most common
in small vessels distal to the stenosis. Although the success
rate using low-pressure balloons has changed little over the
years, the complication rate has decreased owing primarily
to improved technique. The use of high-pressure balloons
does not seem to have significantly altered the complica-
tion rate. Balloon angioplasty at surgical sites should be
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used with caution in patients less than 4 to 6 weeks after
surgery to minimize the risk of vessel rupture. 

Use of Bladed Cutting Balloons

Early work with bladed cutting balloon catheters has
shown significant promise for the treatment of what were
previously considered undilatable lesions. Small studies,
under compassionate use protocols, have shown signifi-
cant improvement in vessel size using oversized cutting
balloons that cut through intimal and medial layers
(30,31). After cutting-balloon inflation, subsequent use of
high-pressure balloons and/or intravascular stents has fur-
ther improved outcome with success rates reported in up
to 92% of vessels (32). Clinical trials are underway.

Use of Intravascular Stents

Intravascular stents were first used for resistant branch
pulmonary arteries in 1989 (33–35) and this use is now
the most common use of stents in CHD. Although balloon
angioplasty remains the treatment of choice in peripheral
lesions, in lesions at branch points, and in infants/small
children (growth issues), stent implantation in the
pulmonary artery bed has become first-line therapy for
proximal obstructions, lesions owing to surgical distortion,
external compression, inadequate results of balloon angio-
plasty, and obstructive intimal flaps following angioplasty.
Infants who undergo surgical repairs such as the arterial
switch for transposition of the great arteries, repair of
tetralogy of Fallot with branch PA plasty, and palliations
such as shunts or PA banding may have acute postopera-
tive obstructions that create hemodynamic instability or
place the obstructed lung at risk of long term hypoperfu-
sion. Stent usage in the immediate postoperative period, as
an alternative to repeat surgical intervention, can be life-
saving and is usually safer (smaller balloons) and more
effective than balloon angioplasty. Since early stent use in
the branch PAs, technology has improved both in the
stents themselves and in the delivery balloons. The use of
stents has improved the success rate of branch pulmonary
artery interventions to �90% (36). 

Most experience with stent implantation in branch PAs
is with the Palmaz stent (Johnson & Johnson, New
Brunswick, NJ), though newer stents may have significant
advantages including trackability, conformability to vessel
course, reduction in balloon and vessel damage owing to
smoother device edges, diminished stent shortening with
expansion, and improved visibility with alternative materi-
als. Innovations in balloon design include a marked reduc-
tion in catheter shaft diameter and slip-/scratch-resistant
balloon surfaces (to reduce the incidence of the stent slip-
ping off or puncturing the balloon). A balloon-in-a-bal-
loon catheter (Nu-Med, Hopkinton, NY), is being used for
a number of indications and helps minimize the risks of
stent malposition.

Heparinization and prophylactic antibiotic use is
important in these often-long procedures. Predilation with
a balloon is optional but is not necessary for most branch
PA lesions. Stent and balloon sizes are selected for the indi-
vidual lesion. The stent is crimped onto the balloon and
can be delivered using one of two techniques. With a stan-
dard approach, a long sheath or guiding catheter is passed
over an extra-stiff exchange-length guidewire (with a short
floppy tip), such that the sheath tip is distal to the lesion to
be stented. The balloon/stent combination is then advanced
over the guidewire through the sheath to the implantation
site. Alternatively, the front-loading technique involves
passing the balloon catheter fully through the sheath out-
side the body, crimping the stent onto the balloon, and
pulling it back into the front of the sheath before introduc-
ing this assembly over the wire. Hybrid techniques are also
used in which the long sheath is advanced over the wire to
the inferior vena cava, the stent then mounted on the bal-
loon and advanced over the wire to the tip of the sheath
prior to advancing the entire system over the wire to the tar-
get lesion. The stent is deployed as described in Chapter
24. Anticoagulation is indicated for a period of 3 to 6
months to prevent stent thrombosis, prior to endothelial-
ization. For patients with normal pulsatile flow in the PAs,
aspirin alone should be sufficient. For patients with non-
pulsatile flow (bidirectional Glenn shunt or Fontan), war-
farin is probably warranted. There is a very low rate of
restenosis in the branch PAs except the relative stenosis
that develops owing to the lack of change in stent diameter
as the patient grows (37).

Stents in Extracardiac Conduits

Stents may also be used to extend the life of surgical conduits
inserted between the heart and the branch pulmonary
arteries (37a). With rapid growth of the infant, the conduit
may kink, developing intraluminal obstruction. Balloon
angioplasty alone in this setting has been largely unsuc-
cessful because the conduit will reassume its kinked course
on balloon deflation. In several patients, we have been
able to hold off conduit replacement for several years using
this approach, removing the stent with the explanted con-
duit at later surgery.

OBSTRUCTION OF THE LEFT
VENTRICULAR OUTFLOW TRACT

Anatomy/Physiology

Similar to obstructions of the right ventricular outflow
tract, congenital obstruction of the left ventricular outflow
tract can occur at the subvalvar level, at the valvar level, at
the supravalvar level, or in the aortic arch itself (coarctation
of the aorta). The increased afterload on the LV myocardium
results in concentric left ventricular hypertrophy and



reduced diastolic compliance of the ventricle as a receiving
chamber with a corresponding increase in pulmonary
venous pressures. The degree of patient symptoms relates
to the elevation of left ventricular filling pressures. Patients
may present with dyspnea on exertion when symptoms are
mild and with orthopnea, syncope, or sudden death with
increasing cardiac dysfunction. Most children tolerate large
degrees of valvar obstruction without symptoms, present-
ing with a murmur alone, but symptoms become more
common in the older child and adult.

Transcatheter Therapy for Left-Sided
Obstruction

Subaortic stenosis encompasses a spectrum of disorders
ranging from simple membranous obstructions of the
subaortic area, to fibromuscular tunnel obstructions, to the
more familiar hypertrophic cardiomyopathy. Like subval-
var lesions of the right side, subaortic obstructions are pri-
marily a surgical issue. Membranous obstructions of the
left ventricular outflow were treated with balloon angio-
plasty early in the interventional era (38,39), but with lim-
ited success and routine recurrence of obstruction. 

Fibromuscular tunnel obstructions are generally not
amenable to catheter intervention. Stents have been used in
a few patients with critical postoperative obstructions, with
very limited success, high morbidity, and a significant inci-
dence of stent failure. These should be considered only in
life-threatening situations where surgical intervention is not
possible.

For the more common hypertrophic cardiomyopathy
with muscular subaortic obstruction, alcohol ablation of
septal tissue in adults has been widely adopted as an alter-
native to surgical muscle resection (see Chapter 31). There
is no significant experience with this technique in children
and adolescents, because septal hypertrophy is rarely clini-
cally apparent before puberty and continues to develop
during adolescence and young adulthood. Dual-chamber
pacing has been reported to alleviate the degree of obstruc-
tion in younger patients, but with comparative studies now
seems less effective in adults than either surgery or alcohol
ablation (40).

Supravalvar aortic stenosis may occur at the sinotubular
junction, as a congenital lesion. This is the pathognomonic
lesion for Williams syndrome and genetic deletion syn-
drome associated with developmental delay, abnormalities
of calcium metabolism, and a diffuse arteriopathy. This
lesion should also be treated surgically because the elastic
properties of the tissue at that site make balloon angioplasty
ineffective, and the use of a stent in this position risks entrap-
ping aortic valve leaflets with resulting aortic regurgitation.

Valvar Aortic Stenosis

Balloon aortic valvuloplasty for congenital aortic stenosis
(AS) in a child was first reported in 1983 (41). It has been

performed subsequently in large numbers of patients with
both congenital and acquired stenoses (41–46). In acquired
calcific valve stenosis, acute relief of gradient is possible (see
Chapter 25). However, the rapid rate of restenosis along
with modest degrees of obstruction relief has left balloon
valvuloplasty for calcified valves as an emergency option
only. Most adult centers now prefer valve replacement,
reserving balloon valvuloplasty for patients who are high-
risk surgical candidates. In children, adolescents, and young
adults with congenital valvar AS, however, balloon valvulo-
plasty remains an excellent alternative to surgical valvotomy
or to valve replacement, since the pathology involves more
commissural fusion and less the leaflet rigidity seen in adult
patients with senescent and densely calcified aortic valves.

Neonatal Critical Aortic Stenosis

Physiologically, critical aortic stenosis is a different entity
than severe aortic stenosis in older children, since the valve
may be virtually atretic and the left ventricular cavity may be
moderately to severely hypoplastic. Unlike hypoplasia of the
right ventricle in critical PS (in which right atrial blood may
cross the PFO to maintain LV preload and cardiac output),
the size of the left ventricle has a direct impact on survival. LV
hypoplasia, reduced LV compliance, and reduced emptying
in the face of extraordinary afterload, lead to increased left
atrial and pulmonary venous pressures. Any blood that
shunts left to right through the PFO reduces both LV preload
and cardiac output. Low cardiac output and pulmonary
venous congestion may be incompatible with life. If LV
hypoplasia is a concern, the alternative is to assign these
patients to a stage I palliation for hypoplastic left heart syn-
drome. A retrospective analysis of a group of patients with
critical aortic stenosis undergoing surgical valvotomy or bal-
loon dilation at Boston Children’s Hospital led to a scoring
system (based on echocardiographic measurement of left-
sided structures) that can be used to triage such patients (47).

The neonate with critical AS may be largely asympto-
matic after birth because of the normal remnants of the
fetal circulation. Left atrial return crosses the patent fora-
men ovale to the right atrium, rather than entering the LV.
The volume-loaded RV ejects blood into the MPA, where
flow is distributed between the lungs and the systemic circu-
lation via the ductus arteriosus, based on the relative resis-
tance of each pathway. If a normal blood volume reaches the
aorta, there are no clinical problems. However, as pulmonary
resistance falls and as the ductus arteriosus starts to close,
blood is preferentially shunted to the lungs. A corresponding
fall in systemic flow results in diminished tissue oxygen
delivery, anaerobic respiration at the cellular level, and
profound metabolic acidosis. Re-establishing and maximiz-
ing systemic flow is the key to resuscitating the acidotic new-
born. Prostaglandin is required to reopen the ductus, and
elevation of pulmonary vascular resistance is desirable (min-
imize FiO2, allow pCO2 to rise). When most of the systemic
flow arises from the ductus arteriosus, rather than the LV, 
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the measured valvar pressure gradient is not a meaningful
number, as the output across the valve can approach zero
and critical AS is manifest by right-to-left systolic flow at
the ductus arteriosus with equal systemic arterial desatura-
tion in all extremities. 

Pediatric Technique 

Using routine sedation, a femoral vein and artery are
entered percutaneously and the patient heparinized. The
venous catheter is used to measure right heart pressures
and cardiac output (when no shunts are present) before
and after dilation. In older patients, aortic valves can be
dilated from the femoral vein using a trans-septal
approach, but the retrograde approach from the femoral
artery remains the most common technique. We start with
a pigtail catheter of an appropriate size to perform left ven-
triculography and measure a valvar gradient. An aortogram
is done to define the anatomic landmarks if the time for
crossing becomes prolonged. We do not routinely do a
baseline aortic angiogram, as the amount of aortic regurgi-
tation should have been documented by echo as part of the
precath evaluation. 

The typical method for crossing the stenotic aortic valve
from the aorta is to advance the soft end of a straight wire
out of a pigtail catheter and use it to probe for the valve ori-
fice (see Chapter 4). We will often use a hydrophilic
guidewire, as the reduced friction of its surface allows for
more rapid in-and-out movements, but probing must be
done gently to avoid perforating a cusp or damaging the
coronary arteries. When the left ventricle is entered, a trans-
valvar gradient is measured by simultaneously recording
pressure from the pigtail and femoral sheath. A left ven-
triculogram is performed and the aortic annulus measured
at the hinge points of the valve.

In contrast to the pulmonary valvuloplasty, the balloon
diameter is chosen to be only 75 to 90% of the annulus diam-
eter. Animal and clinical studies demonstrate that aortic
valvuloplasty with a balloon/annulus ratio greater than
1.0 is more likely to be associated with aortic regurgita-
tion (48,49). A double-balloon technique may be used
when the annulus is large. The pigtail catheter is exchanged
for the dilation catheter, which is centered across the
valve, inflated and deflated rapidly, and pulled back to
the descending aorta. The gradient and the cardiac out-
put are remeasured following dilation, and an aor-
togram is performed to look for aortic regurgitation. If
the residual gradient is �55 mm Hg and an aortogram
shows no or only mild regurgitation, a larger balloon is
used. It is far better, however, to leave a residual gradient
than to cause significant aortic insufficiency in the small
child, as surgical backout options are limited (Ross pro-
cedure).

It can often be difficult to keep the balloon positioned
in the valve during inflation, against the force of left ven-
tricular ejection. A stiff catheter shaft, long balloon, and

extra-stiff exchange wire will help stabilize the position, or
the balloon can be advanced so that it lies along the top of
the aortic arch rather than around the underside of the
arch. The double-balloon technique, which does not
totally obstruct flow, may make it easier to maintain bal-
loon position. We have also begun to use the technique of
Cribier (50), who uses a transvenous pacing catheter posi-
tioned in the RV to rapidly pace the ventricle during the
dilation to reduce ventricular ejection and provide a more
stable balloon position.

Technique for Critical Neonatal AS

Before the catheterization begins, the baby’s hemodynamic
status must be optimized. We generally perform this proce-
dure with the baby intubated and paralyzed. The FiO2 is
turned down to 21%, and PCO2 is allowed to rise to the
mid-40s to increase pulmonary vascular resistance and
maximize systemic flow across the PDA. Body temperature
is carefully monitored. 

The umbilical artery can usually be used in the first
week of life. Catheter manipulation is more difficult from
the umbilical artery owing to the inferoposterior loop in its
course before entering the descending aorta, but its use
avoids damage to the femoral artery in these very small
infants. A number of centers have used a surgical cutdown
at the carotid artery for catheter access, an approach that
simplifies crossing the valve (51) because of the straight
path to the valve from the neck. As with older patients, a
trans-septal approach can be used from either the femoral
or umbilical vein, with no puncture required since all
neonates have a patent foramen ovale. But this approach is
rarely used, since it carries a much higher risk of mitral
valve injury than in the older population. 

Results/Complications

As congenital valvar aortic stenosis is a relatively uncom-
mon diagnosis, there are few large series in the literature
(52–54). However, all of the studies concur: Balloon
valvuloplasty for congenital aortic stenosis is an effective
palliation with excellent gradient reduction and increase
in valve area, but is complicated by the development of sig-
nificant aortic regurgitation in 10 to 30% either immedi-
ately or within weeks of the procedure (inversely related to
balloon/annulus ratio; 53) femoral arterial complications
in 30 to 40% (inversely related to the size of the patient),
and restenosis. Survival with freedom from reintervention
was seen in only 50% of patients at 14.4 years in one cohort
of 269 patients (53) and in 60% at 12 years in a group of 74
patients (52). Transient left bundle branch block occurred
in 15% and ventricular arrhythmias requiring cardioversion
in 3% (53). Death is rare in non-neonatal patients.

Neonates as a group have significantly different results
and complications (55). Eleven of 27 neonates with critical
aortic stenosis at Boston Children’s Hospital (unpublished
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data) were considered unsuccessful, resulting in death 
(N � 9) or the need for a stage I palliation for hypoplastic left
heart syndrome (N � 2). New valvar regurgitation
occurred in 11 of 27. In eight survivors, there was mild
aortic regurgitation. In three nonsurvivors, AR was
deemed severe. Analysis of this group is difficult, as no
selection was made for aortic annulus size, ventricular vol-
ume, or ventricular function, many of whom in retrospect
should have been referred for a stage 1 hypoplastic left
heart operation as a first choice. Patient selection based on
echo criteria and improved catheter technology are
improving outcomes in this difficult group. We currently
recommend balloon dilation of congenitally stenotic aor-
tic valves in patients with transvalvar gradients �55
mmHg and no more than mild aortic regurgitation and in
neonates with critical aortic stenosis who have adequate
left heart size.

COARCTATION OF THE AORTA 

The location of the obstruction in a patient with coarcta-
tion of the aorta (just distal to the takeoff of the left sub-
clavian artery) creates not only an increase in left ventricu-
lar afterload, but also differential hypertension, with high
pressures proximal to the obstruction and low to normal
pressures distal (Fig. 27.3A). As a result, the natural history
of untreated coarctation includes risks of developing pre-
mature coronary artery disease and cerebral aneurysm
formation/rupture. Unlike patients with systemic hyper-
tension, however, patients with coarctation of the aorta
cannot be treated pharmacologically since reducing descend-
ing aortic pressure can cause increased claudication with exer-
cise, abdominal cramping with splanchnic hypoperfusion,
and renal dysfunction (prerenal azotemia). Intervention on
the coarctation is thus required to achieve normotension in
this population.

Percutaneous balloon angioplasty of coarctation was
first described in 1982 (56) as an alternative to surgery and
has been used since in numerous patients with both native
(unoperated) coarctation as well as with recurrent (postop-
erative) coarctation (57–66). A study of experimental
coarctation in lambs (67) demonstrated that relief of
obstruction occurs by tearing the intima and media, simi-
lar to other angioplasty procedures. Short- and long-term
complications seen in that study, including perforation/
rupture resulting in death, dissection, and late aneurysm
formation have now also been described in patients.
Surgical aortic arch reconstructions have become routine at
major pediatric heart centers as part of the stage I pallia-
tion of hypoplastic left heart syndrome. As a result, many
such centers continue to send coarctation patients for sur-
gical interventions as a primary therapy, reserving balloon
angioplasty for recurrent postoperative obstruction. There
is general consensus that surgical intervention is preferable
in the neonatal patients (68).

Pediatric Technique 

Under routine sedation, femoral venous and arterial access
is obtained percutaneously. The patient is heparinized to
an activated clotting time (ACT) �200 seconds. Coarctation
is almost always best approached from a retrograde
femoral arterial approach, though transvenous, trans-sep-
tal, and antegrade approaches have been reported (when
residual aortic arch obstruction must be addressed follow-
ing stage I surgical palliation of single ventricles, a venous
approach is commonly used). Right and left heart hemo-
dynamics are measured (including cardiac output), and
pullbacks are performed with an end-hole catheter from
the left ventricle back through the aortic valve and through
the area of the coarctation. Multiple levels of obstruction are
possible—a bicuspid aortic valve is associated with coarctation of
the aorta in �70% of patients. Biplane aortography is best
performed with right and left anterior oblique (RAO and
LAO) projections. The diameters of the narrowest area of
coarctation and of the normal proximal and distal aorta
are measured.

For postoperative recurrent coarctation, the balloon is
chosen to be 2.5 to 3 times the narrowest area but not
greater than 1.5 times the normal proximal or distal aorta.
For native obstructions, the balloon is commonly chosen
to be equal to the diameter of the aorta at the isthmus. The
balloon dilation catheter is centered across the coarctation,
inflated until the waist disappears, and deflated. The bal-
loon catheter is exchanged for a smaller pigtail catheter to
allow simultaneous measurement of the ascending aortic
pressure with the pigtail in comparison with the distal
pressure from the side arm of the existing sheath. The
dilated area should not be recrossed without a guidewire
because of the danger of perforating a weakened portion of
the arterial wall. A repeat aortogram should be performed
following dilation to determine the angiographic effect of
the inflation and to detect tears, ruptures, or dissections. If
significant obstruction remains despite disappearance of
the balloon waist during inflation, a larger balloon can be
used. Although chest pain may be quite significant during
balloon inflation, persistent pain after balloon deflation
suggests aortic rupture or dissection.

Results

Of the first 64 angioplasties at Boston Children’s Hospital
(unpublished data) in 62 patients ranging in age from 3
days to 67 years, 5 had native and 59 recurrent coarctation.
In that series, procedures were considered successful if
the gradient was reduced �50% and the diameter was
increased �30%. Based on those criteria, 83% of proce-
dures were successful. The balloon-to-lesion ratio was 3.0
for the successful group and 1.6 for the failures. The most
consistent predictor of failure, in this and in others’ experi-
ence, is the patient with “mild” coarctation: lower pressure
gradients and larger minimal coarctation diameters prior
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to intervention. Balloons substantially larger than the
native aorta are necessary in this group, risking injury to
the normal aorta (69). This group is probably best
addressed with a stent angioplasty technique (see below).
Transverse aortic arch hypoplasia is another consistent pre-
dictor of suboptimal outcome (70). 

The most common complication in children is loss of the
arterial pulse secondary to large catheter/artery size ratio.
Iliac artery rupture and a retroperitoneal hemorrhage result-
ing in death have been reported in infants. The incidence of
femoral artery injury has decreased with the availability of
lower-profile balloons. During follow-up in the Boston
series, three patients were found to have small asymptomatic
aneurysms at the angioplasty site (two recurrent and one
native coarctation). Aneurysm formation following dilation
of both native and recurrent coarctation has been reported by
several groups. There appears to be little difference in the
incidence of aortic injury between the two groups in pub-
lished data (70) with an incidence of �10% in either group.

Coarctation of the Aorta in the Adult

The technique as outlined above is also applicable to adult
patients, and several series have reported excellent out-

comes in adult patients with �10% rupture, dissection,
aneurysm formation, or restenosis rate (71–73). In the
adult population, some of the severe complications result from
trying to normalize the diameter of a very small aortic segment.
Some interventionalists have suggested that the area be
enlarged by no more than five times the initial vessel diam-
eter, and that further dilation will be possible once healing
occurs at the site of dilation. In this way, as in many con-
genital diseases, staging the repair may reduce morbidity.

Stent Angioplasty

Primary stent implantation is now the procedure of choice
in many labs for either native or recurrent coarctation in
the adolescent and adult patient (Fig. 27.3B). It was first
reported in patients in 1995 (74,75). Stent implantation
eliminates elastic recoil of the aortic tissue and allows the
use of substantially smaller balloons. This may result ulti-
mately in a smaller number of aortic injuries, though acute
dissections and aortic rupture have been reported with
stenting (76). Again, some of these complications may be
reduced by staging the stent dilation. 

Stent implantation has several other decided advantages
in terms of lower residual gradients and reduced restenosis.

A B
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Figure 27.3 A. Top. Pre–stent implant. Arrow denotes coarctation site distal to left subclavian
artery (*). The dilated internal mammary artery (IMA) acts as a collateral between ascending and
descending aorta. Bottom. Pullback tracing from ascending to descending aorta. Large systolic gra-
dient present, descending aorta with damped tracing. B. Post–stent implant. Top. S/p stent angio-
plasty of coarctation site. IMA and left subclavian (*) remain marked. The stent margins are demon-
strated by the arrows. Bottom. Pullback tracings from ascending to descending aorta. Post–stent
implantation, there remains no pressure gradient through the aorta. Systolic pressures in the ascend-
ing aorta have fallen, and the damped tracing of the descending aorta has normalized. 



Stent angioplasty is markedly more effective in the patient
with mild native or recurrent coarctation. Stent malposi-
tion is rare and usually results from balloon puncture by
the partially inflated stent. In all cases, the stent can be
safely re-expanded lower in the aorta, avoiding coverage of
side branches. One other issue with stent placement is the
tendency of the balloon/stent to be pushed distally by the
systolic force of the forward aortic flow, particularly with
milder coarctation. We have begun to use a technique of
rapid ventricular pacing to minimize balloon motion dur-
ing inflation (see aortic stenosis), whereas others have
used balloon-in-balloon technology to set the stent in
place before expanding it more fully. 

Coarctation of the aorta is the fastest growing indication
for stent implantation in patients with congenital heart
disease. Longer-term follow-up of stent implantation for
adult coarctation, as an alternative to balloon angioplasty
alone, is required before definitive recommendations can
be made. Younger children are generally excluded from
stent implantations owing to growth issues.

Congenital Mitral Stenosis 

Congenital mitral stenosis usually involves abnormalities
of the chordae tendineae, with either shortened chordal
attachments or abnormal attachments, such as in the
“parachute” mitral valve. Unlike patients with acquired
rheumatic mitral valve stenosis (see Chapter 25), congeni-
tal mitral stenosis is generally not suited to balloon valvu-
loplasty. In young children, the morbidity and mortality
rate make this a treatment of last resort. 

CONGENITAL LESIONS ASSOCIATED
WITH SHUNTS

Clinically important left-to-right as well as right-to-left
shunts can result from congenital defects of the cardiac septa
or anomalous vascular connections outside the heart. The
degree of shunting and the patient’s tolerance of that shunt
depend on the defect size, the resistance of each of the alter-
nate paths of flow, and to a large degree on ventricular com-
pliance (see Chapter 9). Since left ventricular compliance
diminishes as part of the normal aging process, many shunt
lesions that have been well tolerated through childhood can
become hemodynamically burdensome for patients later in
life, similar to chronic aortic or mitral regurgitation.

INTRACARDIAC SHUNT LESIONS

Atrial Level Communications: Anatomy of the
Atrial Septum

The fetal circulation requires a right-to-left shunt at the
atrial level (via the foramen ovale). The formation of the

atrial septum involves a complex embryologic process
whereby two independent crescent-shaped tissue mem-
branes (septum primum and septum secundum) form the
elements of the septum and grow to overlap one another
centrally. The compliant septum primum is situated to the
right of the more rigid septum secundum and acts as a one-
way flap valve that allows ongoing right-to-left flow during
fetal life. After birth, left atrial pressure rises, the flap valve
of the foramen ovale closes, and the septum primum and
secundum then fuse to one another (in 80 to 85% of the
population) to complete septation of the atrial chambers.
The remaining 15 to 20%, however, have a persistent flap
valve—a patent foramen ovale (PFO)—with the potential
for ongoing or intermittent right-to-left flow. 

Other failures in the normal development of the sep-
tum primum and septum secundum can result in true
holes in the septal wall, known as atrial septal defects
(ASDs). These defects are named for their location in the
septum and include septum primum ASDs at the crux of
the heart, adjacent to the semilunar valves; secundum
ASDs located centrally in the fossa ovale; and sinus veno-
sus ASDs, most commonly at the superior margin of the
septum between superior vena cava and right pulmonary
venous return. Shunting defects of the atrial septum are by far
the most common congenital heart disease discovered de novo in
adults. 

Pathophysiology of Patent Foramen Ovale

Since LA mean pressure exceeds RA mean pressure due 
to the differences in left and right ventricular compliance
(diastolic filling properties), the flap valve of the PFO
remains closed under normal physiologic conditions. With
a Valsalva maneuver, however, the right atrial pressure
rises, the PFO opens, and right-to-left flow across the atrial
septum may ensue. The volume of blood shunted across
the PFO is too small under most conditions to have any
physiologic or hemodynamic effect, and patients are
asymptomatic unless a paradoxical embolization of
thrombotic material occurs to cause stroke, transient
ischemic attacks, or obstruction of other systemic arteries.
We have seen strokes in patients as young as 9 years, and 
a patient with documented myocardial infarction at 
18 years, due to paradoxical embolization via a PFO.
Alternatively, poor RV compliance, owing to either RV
myocardial hypertrophy or RV infarction, may raise right
atrial pressure so that it exceeds LA pressure throughout
the cardiac cycle, and a continuous flow from right to left
across the PFO may develop. If flow is large enough,
patients may become hypoxemic, either continuously or
only when in an upright position—orthodeoxia-platypnea
(77,78). Migraine headaches, particularly those associated
with preceding visual aura, have now been linked to PFO,
perhaps by allowing vasoactive agents such as serotonin that
are normally cleared during passage through the lungs to
reach the cerebral circulation (79,80). Early observational
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studies indicate that closure of the PFO can reduce the
severity of, or eliminate, migraines in some patients.
Recurrent decompression illness in scuba divers has also
been linked to PFO, presumably related to paradoxical
embolization of venous air bubbles (81).

Pathophysiology of Atrial Septal Defect

When an atrial septal defect (ASD) is present, there is left-
to-right flow across the defect throughout the cardiac cycle.
In diastole, the more compliant RV fills more easily than
the stiffer LV, resulting in RV volume loading. This RV vol-
ume traverses the lungs, overloads the LA, and is the driving
force of left-to-right shunting when the AV valves are closed.

Because of the ability of the RV to maintain its systolic per-
formance in a dilated state, children are virtually never sympto-
matic with atrial septal defects. Physiologic parameters
change with maturation, as the relatively thin compliant
LV walls begin to hypertrophy as afterload increases (part
of the normal aging process). This often results in increas-
ing left-to-right shunt across the ASD, so that patients
become symptomatic only in the third to fifth decades of
life. ASDs in adults typically present in one of three ways:
new-onset progressive exercise intolerance (inability to suf-
ficiently raise cardiac output with exertion owing to left-to-
right shunting at the atrial level and reduction of LV pre-
load), atrial arrhythmia (secondary to RA volume overload
and stretch), or paradoxical embolization. Similar to PFO
patients, cyanosis can be present with RV noncompliance,
with or without pulmonary hypertension. Frequently,
ASDs are discovered incidentally on echocardiograms per-
formed for another indication. 

Transcatheter Closure of Patent
Foramen Ovale

Four double-disk occluder devices currently share the bulk
of the world market: CardioSEAL and STARFlex by NMT
Medical (Boston, MA), Amplatzer PFO Occluder by AGA
Medical (Golden Valley, MN), and the PFO Star by Cardia
(Burnsville, MN). In addition to the implantable devices,
other technologies are being investigated including trans-
catheter suturing techniques, radiofrequency ablation
techniques, and glue techniques, but are not yet in use in
human subjects. The United States’ FDA has currently
defined patients as eligible for device closure only if they
have had recurrent stroke while on adequate levels of
anticoagulants. Two nationwide studies are underway
(CLOSURE I, RESPECT) to try to define the comparative
safety and efficacy of device closure and medical therapy
(aspirin or warfarin) following a first stroke or transient
ischemic attack (TIA). 

The first consideration in PFO closure is the form of
echocardiographic guidance to be used. In adults and chil-
dren �30 kg, we prefer intracardiac echocardiography
(82,83; Acuson International, Mountain View, CA), which

requires intravenous sedation and local lidocaine infiltra-
tion only. Transesophageal echo (TEE) is the more tradi-
tional approach (84) and can be performed with either
conscious sedation or general anesthesia, although general
anesthesia with a laryngeal/mask airway technique is usu-
ally preferred. Some catheterizers perform PFO closure
without echo guidance, using fluoroscopic images alone
(85)—but this increases the risk of device malposition or
embolization in all but the most experienced hands. It also
increases the chance that small additional fenestrations of
the atrial septum primum may go unnoticed, negating the
purpose of the intervention to eliminate the pathway(s) for
potential paradoxical embolization. 

Imaging with Intracardiac Echocardiography

With minimal sedation and local lidocaine infiltration, the
intracardiac echo catheter is passed from a femoral venous
access to the RA–inferior vena cava (IVC) junction. With
the catheter in a neutral position, the catheter is rotated
until the imaging surface is facing to the patient’s left. It is
then advanced in and out until the aorta valve is imaged in
cross section, with the tricuspid valve in the same plane of
imaging. From this position, the tip of the catheter is
retroflexed by about 30	 toward the right atrial free wall.
With slight clockwise rotation, the imaging surface is
turned posteriorly and brings into image the atrial septum
primum and septum secundum overlapping in a horizon-
tal plane, with the thicker septum secundum adjacent to
the aorta (Fig. 27.4A). With slight rotation and left-right
deflection of the catheter, the image is fine-tuned to show
the plane of opening of the PFO. Rarely, because of the
anatomic relationships of the cardiac structures, this view
may be difficult to obtain. An alternative view is to angle
the imaging surface to the RA free wall, well into the RA,
and retroflex the catheter back over the tricuspid valve
annulus, looking straight up the septum. From this
view, the septum primum comes down from the top
of the screen and the septum secundum is on the bot-
tom (Fig. 27.4B). Once an acceptable plane of imaging is
obtained, the catheter is left in that position for the
remainder of the case.

TEE Technique

The patient receives a bolus of propofol, with or without a
short-acting muscle relaxant. The TEE probe is passed to
the midesophagus. The laryngeal/mask airway is then posi-
tioned over the larynx to create a seal around the echo
probe. Patients can be bagged as needed, but will breathe
spontaneously throughout the case. When the airway is
secured, the TEE probe is rotated until the atrial septum is
identified. The biggest advantage with TEE is the enormous
number of imaging planes that are possible with an omni-
plane probe. Two views are most helpful: first, the 45	

angle (Fig. 27.4C) shows the aortic valve in cross section,
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with the atrial septum displayed with the septum primum
originating from the top right of the screen to overlap the
septum secundum just posterior and inferior to the aortic
valve; second, the 90	 view opens the superior vena cava
(SVC) and displays the septum in a horizontal plane with

septum primum to the left and septum secundum to the
right adjacent to the SVC (Fig. 27.4C and D). With a PFO,
the optimal plane of imaging is usually somewhere between
these two angles, but is different and must be adjusted for
each patient. 

A B
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E

Figure 27.4 A. Patent foramen ovale (PFO) with atrial septal
aneurysm imaged with intracardiac echocardiography (ICE). Septum
primum (sp) separated from septum secundum (ss) with catheter (*)
between PFO leaflets. LA, left atrium; RA, right atrium. B. Septum
primum (sp) bows into left atrium, with exhalation widely opening the
flap of PFO (arrow). C. PFO imaged with ICE from tricuspid annulus
view (* is delivery sheath crossing through the defect from right to
left). D. PFO from transesophageal echo (TEE) image, 45	 view. Sp
separated from thickened ss, allowing pathway (arrow) between RA
and LA. Ao, aorta. E. PFO from TEE image, 90° view. Sp separated
from thickened ss, allowing pathway (arrow) between RA and LA. The
superior vena cava (SVC) is well demonstrated in this view.
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PFO Closure Technique

Once an echo image is obtained, we assess the defect for
separation of septum primum and septum secundum,
floppiness/rigidity of septum primum, length of PFO tun-
nel (septal overlap in plane of maximum separation),
thickness of septum secundum, and amount of right-to-left
shunting based on an agitated saline injection. These fea-
tures may affect the delivery method or the size of the
device selected for implantation.

The techniques for placing any of the double-disk
occluders are similar, regardless of the specific device used.
Femoral venous access is obtained. After a right heart pres-
sure assessment, a 6 or 7 French multipurpose catheter
with an A-2 curve is passed to the superior vena cava. The
catheter is then withdrawn slowly, aiming the tip toward
the patient’s left shoulder, until it “jumps” into the fossa
ovale. The catheter may then be advanced into the LA or
may require a slight clockwise (posterior) rotation to fol-
low the PFO tunnel. Echo can be quite helpful in crossing
the smallest PFOs. In rare cases, a floppy-tipped guidewire
can be used to cross the defect via a multipurpose guiding
catheter positioned in the fossa ovale. Once through the
defect, the catheter is manipulated to the left upper pul-
monary vein, and a stiff exchange-length guidewire is
advanced to the PV. The catheter is withdrawn, and bal-
loon sizing of the defect can be performed. Although the
manufacturers recommend a device size of twice the

stretched diameter of the defect, the PFO can be stretched
to almost any size with enough balloon pressure, making
this data less useful. However, inflation of the sizing balloon
within the PFO tunnel gives important anatomic informa-
tion about the length and compliance of the PFO tunnel. 

A long sheath is advanced over the wire to the LA and
carefully debubbled. The closure device is folded into the
sheath and advanced to the end of the sheath. The left
atrial occluder is opened and pulled back firmly against
the septum under echo guidance. When the device is firmly
against the septum, the right atrial occluder is opened. If
the device position is suboptimal prior to release, trans-
catheter retrieval is possible with all of the devices, but is
less straightforward with the NMT devices than the others.
When the position is appropriate, the device is released
(Figs. 27.5 and 27.6), and a follow-up injection of agitated
saline is performed. 

Special Techniques

1. Additional fenestrations: In some patients there will
be additional fenestrations of the septum primum. If these
defects are clustered in the fossa ovale as is usually the case,
a large single-occlusion device can be used. Rarely, the dis-
tance between these defects is too great for closure with a
single device, and we have placed additional devices dur-
ing the same procedure. To ensure that the first device does
not partially cover the distal defects and make subsequent

A
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Figure 27.5 A. CardioSEAL Septal
Occluder (NMT Medical, Boston, MA).
B. Postimplant fluoroscopy showing
device (circle). Intracardiac echo image
catheter noted by arrow. C. Postimplant
transesophageal echo image, showing
device in good position in septum. LA,
left atrium; RA, right atrium; Ao, aorta.
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crossing more difficult, we sometimes place an additional
femoral venous access and cross both the PFO and the
most distal defect with separate catheters and wires. With
the wire in place through the distal defect, the PFO is
closed using the usual technique. A second sheath is then
advanced over the wire through the additional fenestra-
tion, and a second device is placed (Fig. 27.7).

2. Long, rigid PFO tunnel: Rarely, if the septum pri-
mum is relatively inflexible and the overlap of septum pri-
mum and septum secundum is long (�1 cm), it may be
difficult to withdraw the closure device far enough into
the tunnel to successfully open the right atrial occluder.
This may leave a partially opened RA occluder or extra
traction on the LA occluder that may back it into the tun-

nel in a partially collapsed position. There are two tech-
niques for dealing with this unusual situation after
removal of the first device.

a. Trans-septal puncture technique: Instead of crossing the
septum through the PFO, a standard Brockenbrough
trans-septal puncture can be performed under echo
guidance (86). The septum primum is punctured just at
the overlap site of the septum secundum (Fig. 27.8).
Once across the septum, the wires are exchanged to

A
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Figure 27.6 A. Amplatzer PFO Occluder (AGA
Medical, Golden Valley, MN). B. Postimplant fluo-
roscopy. C. Postimplant transesophageal echo
image, showing device in good position in septum.
LA, left atrium; RA, right atrium; Ao, aorta.

Figure 27.7 Side-by-side CardioSEAL devices for closure of
PFO with additional distant fenestrations (20° right anterior
oblique view).

Figure 27.8 Trans-septal puncture under transesophageal echo
guidance, target site just below the overlap of septum primum and
septum secundum. Septum “tents” as needle pushes it toward the
left atrium. LA, left atrium; RA, right atrium; sp, septum primum;
ss, septum secundum.



place the superstiff guidewire in the left upper pul-
monary vein as above. Echo guidance is critical here, as
it is imperative that the puncture be performed as close
to the overlap as possible, and that the puncture posi-
tion be checked from orthogonal angles prior to device
placement. We have performed more than 100 such
deliveries over the past 31⁄2 years with excellent results. 

b. Balloon eversion technique: Once the wire is through
the PFO to the pulmonary vein, a balloon wedge
catheter can be advanced over the wire to the LA. The
balloon is inflated and slowly but forcefully pulled back
against the septum, pulling the septum primum from
the LA side of the defect to the RA side. This shortens
tunnel length, flattens the LA septal surface, and allows
for the usual delivery of the device (87). 

3. Rarely, femoral venous access to the heart will be
unavailable, owing to previous instrumentation, venous
thrombosis, or an IVC filter that will not allow passage of
the necessary catheters. In these cases, an alternative access
will be required. For those experienced with transhepatic
access, this is the first choice, because the catheter course
from the IVC to the flap valve of the PFO is maintained.
For others, a right internal jugular (RIJ) approach or right
subclavian approach is possible. However, because of
the orientation of the PFO’s flap valve, the catheter from
the SVC impacts the septum on the wrong angle to cross
the defect. We have used a technique with a JR4 or JR5
catheter advanced from the RIJ to the floor of the RA. The
curve of the catheter will then direct a guidewire toward the
PFO as if it had come up the IVC. If sufficient wire length
can be advanced into the left heart, the wire will support
the catheter traversing the defect. We will pass a 4 or 5
French hydrophilic catheter over the wire into the LA, and
then into the LV. A stiff, looped exchange-length guidewire
is then advanced into the LV apex to provide the straightest
wire course to traverse the septum with the delivery sheath.
The device is then delivered in the usual fashion. 

Results/Complications

Between March 2000 and December 2003, 456 PFO clo-
sures were done by the author in five institutions. A
CardioSEAL Septal Occluder was implanted successfully in
all 456 cases, 94 with the trans-septal puncture technique
(65% of which occurred in the first 18 months of the study
period). There were eight device retrievals acutely in the
cath lab, for poor device position, and seven patients who
developed sustained atrial arrhythmia (two supraventricu-
lar tachycardia, five atrial fibrillation) and were successfully
cardioverted. A large hematoma at the catheter insertion
site was noted in six patients, and there were two cardiac
perforations (one of the left atrial appendage as a compli-
cation of a trans-septal puncture and one laceration of the
left pulmonary artery as a complication of retrieving an
embolized device). There were two clinically detectable air
embolisms, two patients with unexplained fever, one

patient with transient complete heart block as a result of
catheter manipulation in the RV, and one patient who
required a cutdown to remove a device that became lodged
in the femoral vein during retrieval. 

In the first month following device implantation, 87 of
456 patients developed atrial arrhythmia that brought
them to attention. Seventy-one of 87 patients with arrhyth-
mia had only premature atrial contractions, whereas 16 of
81 patients had sustained atrial arrhythmia. Twelve patients
developed clinically significant migraine headaches after
the procedure, which were largely resolved by 3 months
after implantation. Four patients had new transient
ischemic attacks, and three had recurrent stroke at an aver-
age follow-up of 18 months. Two patients had unex-
plained shortness of breath, and one had symptomatic
bradycardia that required a pacemaker. There was one
death at 4 months as a complication of another cardiac
procedure unrelated to the PFO device. There was one large
thrombus detected on a device and one surgical removal
(at 13 months) for persistent shunt and poor device posi-
tion. At 6 months, by transthoracic echo with agitated
saline injection, a residual shunt was detected in only six of
371 patients.

Transcatheter Closure of an ASD

Closure of ASD has been shown to significantly increase
exercise capacity (88,89). Right ventricular volume usually
returns to normal or near normal levels (90), but the right
atrium may remain enlarged even after device closure. This
may account for the early observation that closing an atrial
septal defect in adults may not eliminate the increased
long-term risk of developing atrial fibrillation seen with
atrial septal defects (91). Closure eliminates the risk of para-
doxical embolization. Severe pulmonary hypertension,
with right-to-left shunt at the defect resulting in systemic
desaturation, is a contraindication to defect closure (92).

In 1975, the first transcatheter ASD closure was per-
formed by Mills and King in a 17-year-old female patient
(93). Lock’s original Clamshell Device was the first device
to be used in a widespread clinical trial, but was removed
from use owing to a �80% incidence of device arm frac-
ture (94). From the late 1980s through the mid 1990s, the
button device (95) and the ASDOS device (96) were used
extensively in Europe. In the mid 1990s, Das developed
Angel Wings, the first self-centering device (97). But trans-
catheter closure of ASD has become a routine clinical pro-
cedure. Both ASDOS and Angel Wings are out of clinical
use because of the increased risk of cardiac perforation.
Currently, the Amplatzer Septal Occluder (98), the
STARFlex Septal Occluder (99), and the Helex device (100)
are the most frequently used devices worldwide. New tech-
nologies and concepts for nonsurgical ASD closure con-
tinue to be developed.

The technical aspects of ASD closure are identical in
concept to the PFO closure. Although there are a number
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of devices available, the Amplatzer Septal Occluder is
the only approved device in the United States and has by
far the largest market share in Europe. For echo guid-
ance, we again prefer intracardiac to transesophageal
echo (Fig. 27.9), although TEE does provide additional
angles on the implanted device to assess position prior to
release. We do balloon sizing in all ASD closures. The tis-
sue surrounding a defect is often quite flimsy and may not
support the device well enough to preclude embolization;
balloon sizing will push the softest tissue out of the way
and yield a balloon diameter that corresponds to a margin
of tissue substantial enough to hold the device. In addi-
tion, the balloon will stretch the defect, making it round
regardless of its initial shape. On echo, if all flow across the
defect has stopped, one can be confident that the round
Amplatzer Septal Occluder, of the same or slightly larger
dimension, will also occlude the defect. As with PFO clo-
sure, the device is opened in the left atrium and pulled

back toward the septal defect, where the middle waist of
the device and the right atrial occluder are delivered, leav-
ing the device straddling the septum (Fig. 27.10).

Results/Complications

In the period March 2000 through December 2003, 251
patients came to our labs for transcatheter closure of an
ASD. Prior to the approval of the Amplatzer Septal
Occluder, we used only the CardioSEAL Septal Occluder
(N � 58). Subsequently, we have used primarily the
Amplatzer Septal Occluder (N � 187). In six patients, we
were unable to implant a device (in four, the ASD was too
large; in two, the ASD had insufficient tissue rims). Five of
the six failed implants occurred prior to use of the
Amplatzer device. In our primarily adult congenital prac-
tice, patients ranged in age from 2.1 to 83.9 years (median
age, 37.7 years). Acutely, there were two device retrievals in

Figure 27.9 Secundum atrial septal defect (ASD)
denoted by arrow. A. Transesophageal echo image.
B. Intracardiac echo image. RA, right atrium; LA, left
atrium; Ao, aorta.
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Figure 27.10 A. Amplatzer Septal Occ-
luder (AGA Medical, Golden Valley, MN).
B. Postimplant fluoroscopy (device in circle).
C. Postimplant intracardiac echo image,
showing device entrapping thin septum pri-
mum (arrow). LA, left atrium; RA, right atrium.



the cath lab for device embolization (both with the
CardioSEAL Septal Occluder, in the first 25 patients). One
of these patients developed ventricular fibrillation (and
was successfully defibrillated) when the device embolized
to the right ventricle. There were no embolizations in the
Amplatzer group. Three patients developed sustained atrial
arrhythmia (atrial fibrillation in one and SVT in one) and
were electrically cardioverted in the cath lab. A large
hematoma at the catheter insertion site was noted in three
patients. In one child, the Amplatzer Septal Occluder was
opened entirely on the left atrial side of the septum. When
the device was retracted into the sheath for repositioning,
septal tissue became entrapped with the device and a 1.5-
cm piece of septal tissue was removed from the body with
the device. Despite hemodynamic stability and no pericar-
dial effusion, by echo, the child was sent for urgent surgical
intervention to inspect the heart and repair the ASD. There
was one air embolization with transient ST segment
elevation. 

In the first month following device implantation, 17 of
245 patients developed atrial arrhythmia that brought them
to attention. Ten of the 12 had only premature atrial contrac-
tions, whereas two developed atrial fibrillation. Six patients
developed clinically significant migraine headaches after the
procedure, which had resolved by 6 months after implanta-
tion. One patient had an Amplatzer Septal Occluder erode
through the left atrial roof 6 months after an uneventful
implantation and survived emergent open heart surgery to
relieve cardiac tamponade and to repair/reinforce the area
damaged by the device. Another patient had an unexplained
small pericardial effusion at 6 weeks after implantation of an
Amplatzer Septal Occluder, which was treated successfully
with anti-inflammatory medication. There was complete clo-
sure by color flow Doppler at 6 months in all but one
patient. There were no thromboembolic events and no late
deaths in this group. 

Several important issues remain with the currently
approved devices for atrial septal repair. Based on reporting
to the U.S. Food and Drug Administration’s Medical
Device Complication web site (101), the most commonly
reported complication related to the CardioSEAL device
(NMT Medical, Boston, MA) is thrombus formation on the
device in the first few months (101–103), whereas device
erosion (cardiac perforation) is the most commonly
reported complication with the Amplatzer devices (AGA
Medical, Golden Valley, MN). Thrombus formation has
been reported with the Amplatzer device as well (104,105).
There is no consensus yet on the appropriate degree of
anticoagulation after device implantation. Aspirin alone
has been used in many centers with combination of
aspirin, Plavix, and warfarin being used by others. We gen-
erally treat our patients with aspirin 325 mg daily for 6
months and Plavix 75 mg for 3 months. Amplatzer Septal
Occluder erosion with pericardial tamponade has been
reported in a number of patients, as late as 3 years after
implantation (101). The actual occurrence rate of these

complications is unknown, but is quite low in our experi-
ence. Antibiotic prophylaxis is indicated for dental work or
other minor surgical procedures for 6 to 12 months from
the time of device implantation. 

Ventricular Septal Defects

Like atrial septal defects, congenital deficiencies in the ven-
tricular septum are varied in anatomy. The most common
ventricular septal defects (VSDs) occur in the membranous
and the muscular portion of the septum. Left-to-right
shunts at the ventricular level result in pulmonary overcir-
culation, with a concomitant left ventricular volume over-
load. As a result of LV volume loading, patients may present
with the classic symptoms of congestive heart failure in
infancy (if the defect is large enough) or with an asympto-
matic dilated left ventricle (moderate defect), or they may
become symptomatic only later in life when LV compliance
changes result in higher LA filling pressures and pulmonary
venous congestion. Patients with unrestrictive defects, who
do not undergo repair in the first 2–3 years of life, risk the
development of irreversible pulmonary vascular disease.

Transcatheter Closure of VSDs

Anatomically, the design of devices to close membranous
VSDs was quite challenging, as the aortic valve, the tricuspid
valve, and the conduction system all abut in this portion of
the septum. The device suffers from many of the problems of
other primarily pediatric therapies: The potential population
for this device is quite limited. There are significant patient
selection issues, as well as technical issues related to patient
size. Severe congestive heart failure is the norm with large
defects in patients as young as 2 to 3 months of age. Catheter
manipulation is prohibitively risky in patients of that size.
Older patients will have either developed pulmonary vascu-
lar disease or will have defects that are very small and proba-
bly need not be addressed. A new Amplatzer device is cur-
rently in trial to close membranous defects (106). Early,
unpublished results demonstrate a moderate risk of conduc-
tion system disturbance at the atrioventricular node similar
to other series of transcatheter VSD closure, with some cases
of complete heart block. Outcome data will need to be com-
pared, in controlled clinical trials, with surgical VSD closures.

Although much less common than membranous VSDs,
large muscular VSDs, which may occur anywhere in the
muscular portion of the septum, present a difficult chal-
lenge for the surgeon. Apical and anterior defects may be
impossible to visualize and repair through the tricuspid
valve. Right ventricular septal trabeculations make identifi-
cation from the RV septal surface difficult. The traditional
surgical approach has been from a left ventriculotomy.
However, long-term follow-up of these patients revealed a
high rate of LV aneurysms and an equally disturbing num-
ber of patients with global LV dysfunction (Boston
Children’s Hospital, unpublished data). 
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The need for successful transcatheter therapy has there-
fore been more acute in patients with muscular rather than
with the membranous defects. Reports of successful trans-
catheter closures have appeared since the early 1990s
(107–109). The procedure remains technically challenging
in small children, but has been used, in combination with
surgical intervention, to stage a repair. Pulmonary artery
banding, to limit pulmonary flow and reduce symptoms of
congestive heart failure, can be accomplished off bypass.
Subsequent growth of the child and transcatheter defect
closure can be followed with surgical band removal (also a
closed procedure), as an alternative to an open repair of
the defect through a left ventriculotomy.

Numerous devices have been used for closing muscu-
lar VSDs including the original Clamshell Device, the
CardioSEAL Septal Occluder, and the STARFlex devices.
Amplatzer has developed a device designed specifically for
muscular VSD closure, which is under clinical trial at the time
of this publication. Transcatheter closure of inlet (endocardial
cushion-type) VSD and supracristal VSDs are not yet possible
based on the intimate relationship of these defects to defects
of the atrioventricular and semilunar valves, respectively.

Technique of Muscular VSD Closure

There are several approaches possible for delivering the
VSD device. After a complete echocardiographic assessment
(TEE in the cath lab is helpful in most cases), and a left and
right heart hemodynamic assessment, an LV angiogram is
performed to best profile the defect (Fig. 27.11). The defect

size and distances to critical surrounding structures are
measured best with TEE, to help in device selection. In all
techniques, the defect is crossed from the left ventricular
septal surface, with a steerable catheter introduced via the
retrograde or trans-septal approach. 

A soft extension-length guidewire is passed through the
defect to the PA, where it is captured with a gooseneck
snare device from either the femoral or internal jugular
vein (depending on the location of the muscular VSD).
With midmuscular and apical VSD positions, the jugular
approach can yield the straightest catheter course to the
defect. This minimizes the tendency of the delivery sheath
to kink. Anterior muscular VSDs are best approached from
a femoral access. Capturing the wire in the PA avoids the
risk of having the wire become entangled in the tricuspid
valve. The wire is then exteriorized at the venous sheath.
The largest dimension of the defect may then be confirmed
with balloon sizing (the balloon introduced over wire to
straddle the defect—see ASD closure above). The device is
then chosen to exceed the defect size by 1.6 to 2.0 times
when a double-umbrella device is used, or by 3 mm when
an Amplatzer VSD Occluder is selected.

Next the appropriate-size delivery system is advanced
from the venous access, over the snared wire to the RA, RV,
and through the defect to the LV. Echocardiography and
hand injections through the sheath will confirm its posi-
tion. The wire is then removed, and the device is delivered
in the usual fashion. The LV occluder is opened and pulled
back against the septum. Resistance will be felt as the
device is pulled into the defect. Echo and angiographic
injections will confirm LV septal position, and the RV sep-
tal occluder is then delivered. When angiographic and/or
echo images confirm the position of the device on both
sides of the septum, the device is released.

Results

Between February 1989 and July 1998, 148 VSDs were
closed at Boston Children’s Hospital (double-umbrella
device) with no deaths or late morbidity (unpublished
data). Echocardiographic follow-up showed that 83% of
the defects were either closed or had trivial residual leaks.
Several patients had additional devices placed in the pres-
ence of multiple defects. Owing to the complexity and
extent of the catheter manipulation involved in these pro-
cedures, transient arrhythmias and hemodynamic compro-
mise are not uncommon during these procedures (110).
Other complications have included asymptomatic hemo-
thorax in one patient and a case in which the umbrella
compromised the septal leaflet of the tricuspid valve.
Preliminary results with the Amplatzer device suggest sig-
nificantly higher closure rates than with the double-
umbrella devices, with lower rates of complications (111). 

The Amplatzer device seems better suited to this indica-
tion than the double-umbrella devices, having been
designed specifically for this purpose with a longer central
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Figure 27.11 A. Amplatzer Muscular VSD Occluder. B. Left ven-
tricle (LV) angiogram showing left-to-right shunt across a midmuscu-
lar VSD (arrow), filling the right ventricle (RV). C. Defect closed with
Amplatzer Muscular VSD Occluder. (Images courtesy of Z. Hijazi.) 



waist than its ASD counterpart to account for the septal
thickness. In addition, significantly smaller sheaths are
used with the Amplatzer than with the double-umbrella
devices. This facilitates advancing the delivery sheath
through the defect over the wire. Ongoing investigation
will determine the efficacy of each device.

One additional area of interest for interventionalists
treating adult patients is postinfarction ventricular septal
rupture. These defects are always muscular in location and
nearly always occur more distally in the distribution of the
LAD, yielding mid and apical muscular VSDs. Similar
to infants with membranous VSDs, it is difficult to find
large numbers of patients who are appropriate for this
intervention. Large defects are nearly always fatal, as a large
left-to-right shunt, pulmonary overcirculation, pulmonary
hypertension, and left ventricular volume overload are
superimposed on a severely compromised pump. Tiny
defects are interesting from a diagnostic perspective, but do
not impose a significant hemodynamic burden. Thus, only
patients with moderate-size defects, who have large shunts,
but who have been stabilized medically can be considered
for either surgical or transcatheter repair. Interestingly, with
ongoing tissue necrosis, the defect can become more hemo-
dynamically important over a period of several weeks. Acute
surgical intervention is difficult, because the surgeon has lit-
tle reliable tissue in the margins of the defect in which to
place his/her sutures. Similarly, following transcatheter clo-
sure, ongoing necrosis of surrounding tissue can lead to siz-
able residual shunts and device instability after early implan-
tation. A recent surgical series of 65 such patients had a
30-day mortality of 23%, with marked improvement with
concomitant grafting of the coronary arteries at the time of
VSD repair (112). 

The Amplatzer muscular VSD device was used in 18
patients in a U.S. registry between 2000 and 2003 (113).
Thirteen of 18 underwent closure between 14 and 95 days
after the infarction. A device was deployed in 16 of 18. The
30-day mortality was 28%, comparable with surgical sur-
vival. Eleven patients are alive and have been followed for
a mean of 332 days, with two complete closures, two sec-
ondary device implants for residual shunts, six trivial or
small residual shunts, and two moderate residual shunts. A
new Amplatzer device, specifically for post–myocardial
infarction VSDs, is in development.

Transcatheter Embolization of 
Extracardiac Shunts

Left-to-right shunts outside the heart occur when a congen-
itally abnormal connection between an arterial source and
a venous or cardiac site exists. These shunts are associated
with pulmonary overcirculation and a reduction in sys-
temic perfusion, owing to the difference in resistance
between the normal arteriolar bed and the low-resistance
runoff site. The most common example is a persistently
patent ductus arteriosus.

Right-to-left shunting can also occur through abnormal
connections outside the heart. In patients with a Fontan or
bidirectional Glenn, where systemic veins drain directly to
the pulmonary arteries, systemic venous pressure is elevated.
Venous collaterals may develop from the high-pressure veins
to low-pressure systemic veins, to low-pressure cardiac veins,
or to the pulmonary veins. The runoff acts as a steal from the
pulmonary flow, and causes systemic hypoxemia.

PATENT DUCTUS ARTERIOSUS

The ductus arteriosus is a normal fetal arterial connection
between the aorta and the pulmonary artery, which in the
presence of high pulmonary resistance (as in the fetus),
allows right ventricular outflow to return via the aorta to
the placenta. 

With the baby’s first breath, pulmonary vascular resist-
ance drops as the lungs aerate, and systemic resistance
rises as the low resistance of the placenta is removed from
the circulation. These physiologic changes induce an acute
increase in pulmonary blood flow. Rapidly rising systemic
oxygen levels trigger the smooth muscle layer in the ductal
tissue, through a prostaglandin-mediated pathway, to con-
tract. Within 48 to 72 hours of life, �95% of infants have a
closed ductus arteriosus, completing the conversion of
blood flow to the normal postnatal circulation. In some
infants, the ductus does not close or remains partially open
and is then termed a patent ductus arteriosus (PDA). 

As the lungs mature over the first few weeks of life, pul-
monary resistance continues to fall both absolutely and
relative to systemic resistance. When a PDA is present, the
aortic flow has an alternative, low-pressure runoff into the
pulmonary circulation. With a large PDA, there is pul-
monary overcirculation, systemic undercirculation, and the
usual symptoms of congestive heart failure (CHF) within
weeks of birth. Surgical correction remains the treatment
of choice for most newborns with CHF secondary to a
PDA. The development of the Amplatzer Duct Occluder
(see below), which can be delivered via the venous circula-
tion through small sheaths with good occlusion results
(see below), is making some impact now in the smaller
infants (114). 

In most children, the PDA is small, a tiny fraction of its
initial prenatal diameter. Resistance to flow through this
small tube is high, and the resulting volume of the left-to-
right shunt is small. The LV is not significantly volume
loaded, and symptoms are uncommon. Most of these chil-
dren are diagnosed when a cardiac murmur is identified, or
when the PDA is discovered incidentally at echocardio-
gram. In this setting, the principle risk is that of endocardi-
tis (endarteritis) at the ductus or at the site of the high-
velocity jet’s impact on the PA wall. Closure of the PDA has
been recommended routinely in children, to eliminate
both the volume load and the risk of infection, since the
first successful litigation of a PDA by Gross in 1938.
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PDA is a relatively uncommon finding in adult patients.
Most frequently, the defect is discovered incidentally dur-
ing an echocardiogram, following an episode of endarteri-
tis or when a murmur is present. In the older adult, other
symptoms may occur. With decreasing LV compliance, the
additional LV volume load from left to right shunting is
less well tolerated, resulting in increased filling pressures
and pulmonary venous congestion. Shortness of breath
with exertion may develop in a patient who has tolerated
the PDA for decades. Similarly, increased systemic vascular
resistance, associated with adult onset hypertension, may
drive more blood across the defect into the pulmonary cir-
culation, increasing the shunt and bringing on symptoms
of exercise intolerance for the first time. 

We have treated several adult patients with PDA who
develop frank angina on exertion in the setting of very
mild coronary artery disease. ECG changes on stress tests,
or hypoperfusion on a stress thallium examination, may
be positive in the absence of significant coronary lesions
by angiography, because the low-resistance runoff from
the aorta produces a diastolic steal phenomenon.

Transcatheter Closure of PDA

Over the past two decades, successes with transcatheter clo-
sure techniques have all but eliminated surgical repair of
small PDAs (115). The first device to gain widespread popu-
larity was developed by Dr. William Rashkind (116).
Although never achieving FDA approval in the United States,
this double-umbrella device was used throughout the world
and in clinical trials in the United States until the early 1990s. 

In 1992, with the Rashkind device unavailable for clo-
sure of PDA, Dr. John Moore’s group first described the

technique of closing a PDA with a Gianturco coil (117;
Fig. 27.12), a device that had been in use for other vascular
occlusion procedures since 1972. Although the Rashkind
devices were available only to physicians at selected study
sites, the coil occlusion procedure brought PDA closure
into the mainstream of pediatric interventional catheteri-
zation.

The principle of the coil closure is similar to that of the
Rashkind umbrella device and the ASD devices. Coil loops,
larger than the minimum diameter of the PDA, are deliv-
ered to straddle the PDA, with loops on both the aortic and
pulmonary artery end of the PDA. The springlike character-
istics of the coil loops hold the device in position while the
Dacron fibers imbedded in the device attract platelets and
promote thrombus formation, eliminating flow through
the PDA. Within weeks to months the device is endothe-
lialized.

In contrast with the Rashkind device, the coil can be
delivered through catheters as small as 4 French, making it
a viable alternative to surgery even in small children.
Various techniques were developed to deliver the coils,
including the original single-catheter, transarterial approach
of Moore (118), a single-catheter transvenous approach
(118), the snare-assisted technique (119,120), detachable
coils (121), and the Latson catheter technique (122). The
single most important factor in procedural efficacy seemed
to be not the delivery technique selected, but the experi-
ence of the operator and the anatomy of the defect. Larger
PDAs, particularly those with little length, were problem-
atic for closure with a coil technique. Because complete
closure was always the goal, other techniques emerged to
deal with these larger defects, including the use of multiple
coils, the use of 0.052-inch-thickness coils (123), and the

Figure 27.12 Top. Gianturco embolization coils.
A. Aortogram in child with small patent ductus arterio-
sus (PDA). Pigtail catheter fills aorta and main pul-
monary artery (MPA) via the PDA (arrow). B. Following
coil embolization; the coil is seen protruding into the
MPA. The MPA is no longer visualized, as all flow
through the PDA is occluded.



Chapter 27: Intervention for Congenital Heart Disease 627

placement of coils within a nylon sack inside the PDA
(Grifka-Gianturco Sack; 124). More recently, the Amplatzer
Duct Occluder has been approved for use in the United
States. Because of the ease of using this system, and its his-
tory of safety and efficacy, the Amplatzer Duct Occluder
has replaced coil embolization techniques in many labs for
all but the smallest PDA.

All of the above techniques are applicable to the adult
patient diagnosed with a PDA. We have used the coil occlu-
sion technique in adults up to 76 years of age, but now pre-
fer the Amplatzer device for all adult patients. 

Technique of PDA Closure: Coil Occlusion

Arterial and venous sheaths are placed, under routine seda-
tion. Following complete right and left heart pressure mea-
surements and a shunt calculation, an aortic angiogram is
performed with the holes of the pigtail just distal to the
takeoff of the left subclavian artery. The minimum dimen-
sion of the PDA is measured. A catheter with a JR4 or
Berenstein curve is advanced from the femoral artery to the
level of the PDA. A floppy-tipped torque wire is passed
through the PDA to the MPA. We continue to use the snare-
assisted delivery technique for coil delivery in defects with
a minimum dimension of �2 mm—a preformed goose-
neck snare catheter is advanced from the femoral vein to
the main pulmonary artery and used to “grab” the catheter
coming through the PDA. In cases where a very small PDA
is difficult to cross, the snare can be placed in the MPA to
act as a target for the probing wire. In cases where the
catheter will not easily follow the wire through the PDA,
the snare can be used to stabilize the wire position in the
MPA or RV. Once the catheter is snared on the MPA side,
the wire is removed, and the coil is advanced through the
catheter to the tip. We use 0.038-inch-thickness coils most
often, and push approximately one-fourth of a coil loop
out the end of the catheter. The snare is loosened and
slowly withdrawn off the end of the catheter, falling onto
the protruding coil loop, where it is retightened. The rest of
the coil is then delivered into the aortic ampulla. Some
traction is placed on the device to pull at least three-
fourths of a coil loop into the MPA to stabilize its position.
The snare is then opened and advanced into one of the
branch PAs, unhooking it from the coil. A repeat aortic
angiogram is performed. Additional coils may be placed
for residual shunts.

Technique of PDA Closure: Amplatzer 
Duct Occluder

An aortic angiogram is performed with the holes of the
pigtail just distal to the takeoff of the left subclavian artery.
Both the minimum dimension of the PDA and the length
of the ductus are measured. The Amplatzer Duct Occluder
is selected based on these measurements, with the pul-
monary end of the device selected to be approximately

2 mm larger than the minimum angiographic dimension.
An end-hole catheter is manipulated to the MPA (we usu-
ally start with a multipurpose curve) and used as a guide to
probe for the opening of the PDA with a floppy-tipped
torque wire. In some circumstances, when the PDA could
not be located from the PA side of the defect, we will cross
the PDA from the aortic side with an exchange-length
guidewire, snare the wire, and exteriorize it through the
femoral vein. The long delivery sheath of the Amplatzer
Duct Occluder can then be delivered over the wire from the
venous approach. The sheath tip is positioned well down
the descending aorta and carefully debubbled. The device
is then loaded into the sheath. The large aortic retention
disk is opened in the descending aorta and withdrawn into
the ampulla of the PDA. The pulmonary artery end of the
device is then delivered. A repeat aortic angiogram can be
performed prior to release to ensure proper position
(Fig. 27.13). In many cases, there may be substantial resid-
ual shunt for the first few minutes after initial implanta-
tion. This will resolve over a period of 10 to 15 minutes.

Results/Complications

Since 1994, we have performed over 500 PDA closures, of
which only 15 recent cases involved use of the Amplatzer
device (since FDA approval in 2003). At 6 months, there
was no residual shunt seen by color flow Doppler in �97%
of all patients. Risk factors for residual shunts were short
ductal length (type B of Krichenko; 125); use of single coil
in PDA dimension �2.5 mm; older age, particularly with
calcified PDA (related both to poor angiographic imaging
of residual shunts as well as to diminished PDA conforma-
bility to the coil); and procedure done early in our experi-
ence (prior to the use of the Amplatzer device or multiple
coil implantation). Patients with residual shunts were
recatheterized and one or more additional coils were
placed. This has resulted in complete occlusion of all resid-
ual shunts.

Complications are rare, but are most often related to
vascular injury in the small infant, to sedation-related res-
piratory compromise, and to hypothermia in small babies.
One coil embolization occurred to the pulmonary artery,
requiring surgical retrieval, and led to the development of
the snare-assisted technique. There have been no subse-
quent coil embolizations. There have been no emboliza-
tions of the Amplatzer device. There were three patients
who developed sustained SVT requiring therapy (adeno-
sine in two, electrical cardioversion in one) from catheter
manipulation. Three patients had retroperitoneal bleeding,
one of whom required transfusion. In one patient during
retrieval of a missized coil, the coil became lodged in the
femoral vein, requiring surgical cutdown. One patient had
an angiogram performed with the holes of the pigtail in the
PDA itself, and had a minimal dissection without sequelae.
As has been described by others (126), two of our patients
with a small residual shunts developed hemolysis the
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night of the procedure and presented with gross hema-
turia. One patient was recatheterized, and a second coil
eliminated the residual shunt. No further hemolysis was
seen. In the other patient, hemolysis resolved spontaneously
with no further therapy.

Transcatheter closure of PDA is the treatment of choice
for all asymptomatic children with small PDA. We use coil
embolization techniques for PDA with a minimum dimen-
sion of �2 mm and the newer Amplatzer Duct Occluder
for larger PDA and for adult patients.

OTHER EXTRACARDIAC SHUNTS 

Various fistulous connections can have significant hemo-
dynamic effects. 

Systemic AV Fistulas

Fistulous connections between a systemic artery and a sys-
temic vein may create a sizable left-to-right shunt, with
symptoms of exercise intolerance or frank congestive heart
failure. The vein provides a lower-resistance runoff for the
blood in the involved arterial branch. Unlike other left-to-
right shunt lesions, systemic AV fistulas create a volume
load for both ventricles. These fistulas may be congenital,
but may be acquired through trauma or complications
from surgery or catheterization.

Coronary Fistulas

Coronary fistulas are hemodynamically similar to other
systemic fistulas. Drainage is most commonly to the coro-

nary sinus or directly to the RA, RV, or PA. In addition to
the usual symptoms of exercise intolerance and shortness
of breath, these patients may present with a coronary steal,
in which the low-resistance runoff to the fistula will reverse
diastolic flow in the normal coronary artery branches.
With diminished forward flow, ischemia may occur with
exertion (see Chapter 11).

Aortopulmonary (Bronchial) Collaterals

Aortopulmonary collaterals may be congenital or may
develop in children who undergo single ventricle repairs
involving venous supply of pulmonary blood flow (Glenn
shunt, Fontan operation). These vessels most often arise
from the thoracic aorta, the internal mammary arteries,
and other branches of the subclavia. The left-to-right shunt
creates a volume load on the left ventricle, similar to a
patent ductus arteriosus. 

In patients who have undergone previous congenital
surgical palliations, another lesion that may present as a
collateral connection between the aorta and pulmonary
artery is an old Blalock-Taussig or other surgical shunt that
either recanalized or was never taken down at later surgical
stages. When this connection is no longer needed, it also
creates a left ventricular volume load.

Pulmonary Fistulas 

These unusual defects connect pulmonary arterioles, prox-
imal to the air containing spaces, to pulmonary venules,
resulting in the return of unoxygenated blood to the left
atrium (Fig. 27.14). If a defect is large enough, or if there

A

B C

Figure 27.13 A. Amplatz Duct Occluder.
B. Patent ductus arteriosus (PDA) as demon-
strated on an aortic angiogram. A pigtail
catheter in the aorta (Ao) fills the Ao, the PDA
(arrow), and main pulmonary artery (MPA).
C. After implantation, the PDA is closed. The
device is seen in the PDA, and the MPA no
longer fills with contrast. 
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are multiple defects present (Osler-Weber-Rendu syn-
drome), patients may be quite cyanotic. These defects have
been a source of paradoxical thromboembolization in
some patients who were erroneously diagnosed with PFO.

Venovenous Collaterals

In patients with single ventricle repairs where the systemic
veins bypass the right heart and connect directly to the pul-
monary arteries, a pressure difference exist between those
veins that lead to the lungs and those that return to the
heart. This differential will result in rerouting blood flow
away from the lungs to return via the lower-resistance
pathway back to the atrium. In the patient dependent on
venous flow to the lungs, these venous connections result
in diminished pulmonary flow and cyanosis.

Technique of Device Embolization

All types of extracardiac vascular anomalies can be treated
with catheter-based embolization techniques. These tech-
niques are largely the same, regardless of the vessel desig-
nated for closure or the device chosen for the task. We gen-
erally prefer the use of Gianturco coils owing to the low
cost, the long safety history, the ease of implantation, and
the variety of delivery catheters that can be used. Special
considerations must be taken for large vessels, which are
discussed below.

The vessel to be embolized is identified angiographi-
cally. Regional as well as selective injection in the vessel is
essential, as some defects have multiple feeding sources
(i.e., pulmonary fistula, Fig. 27.14), all of which must be
occluded for a successful intervention; and some target ves-
sels supply normal structures as well as the fistulous con-
nection (i.e., coronary fistula), making the positioning of
the occlusion device more critical. We prefer to use a multi-
purpose catheter with distal side holes for the selective
injections. Once the vessel has been acceptably imaged, a
site for placement of the embolic device should be
selected. Optimal locations include native narrowings,
turns in vessel course, or bifurcation points. In some cases,
the anatomy will preclude the use of one of these optimal
sites and a straight tubular portion of the defect will offer
the best site. The target vessel is measured at the desired
embolization site. For coil embolization, a device diameter
1 to 2 mm larger than the site diameter is selected. The
delivery catheter is an end-hole catheter of a shape that
approximates the wire course for stability of the catheter

Figure 27.14 A. Large isolated pulmonary atrioventricular mal-
formation (AVM) in left lower lobe (circle) in a patient with Osler-
Weber-Rendu syndrome. LPA, left pulmonary artery. B. Selective
injection in one of two arterial feeding vessels filling the AVM.
C. Following coil embolization of the two feeding vessels (arrows),
there is no further filling of the AVM, with a concurrent increase in
systemic saturation from 89% to 94% on room air.



position. The delivery catheter is exchanged over a wire
and advanced past the desired site of implantation. The
coil is then introduced to the catheter and pushed to the
tip of the catheter (with a guidewire of a diameter approxi-
mating the inner lumen dimension), just distal to the site of
implantation. The first loop of coil is delivered just distal
to the optimal site by advancing the guidewire as the deliv-
ery catheter is withdrawn slightly. The remainder of the coil
can be delivered in one of two ways: by fixing the delivery
catheter and advancing the guidewire into the catheter to
push out the coil; or the guidewire can be fixed in place,
and the catheter withdrawn over the wire, exposing the
coil. A repeat angiogram is performed, and additional coils
may be placed behind the initial coil to complete the occlu-
sion. Antibiotic prophylaxis is recommended for a period
of 3 to 6 months to allow for complete endothelialization.
MRI scanning will put significant stress on the implanted
coil. We recommend that the device be allowed to endothe-
lialize completely before exposing the patient to the mag-
netic field.

The use of coils has limitations, particularly for larger
vessels. Other technologies such as the Grifka-Gianturco
Sack (124) and detachable balloons (127) have been used
in these settings. A newly approved device by Amplatzer,
the Vascular Plug, is an excellent alternative for large ves-
sels. The device is cylindrical and is delivered through
small-caliber catheters as are the rest of the Amplatzer
devices. It remains attached to its delivery cable until the
operator wishes to release it, making it completely retriev-
able. It will conform its shape to the size/shape of the tar-
get vessel.

Results/Complications

Embolization techniques are straightforward and are lim-
ited only by the operator’s ability to achieve a stable
catheter position in the vessel to be occluded. Once such a
position is achieved, the procedure should be successful in
100% of cases. Complications related to coil embolization
include device embolization and potential obstruction of
nearby side branches. Coil embolization occurs most fre-
quently in arterial structures with high flow states when
the coil selected is not large enough, or when the coil
selected is too large, does not coil appropriately in the tar-
get vessel, and pushes the delivery catheter back out of the
target vessel. Embolized coils can usually be retrieved with
a snare technique. Hemolysis has been seen with incom-
plete closure of high flow defects. 

CARDIAC CATHETERIZATION IN ADULT
PATIENTS WITH FONTAN PHYSIOLOGY

Perhaps the greatest accomplishment in congenital heart
disease in the last generation has been the combined surgi-
cal/interventional management of patients with functional

single ventricles. In these patients, the systemic venous
return is rerouted directly to the pulmonary arteries, no
longer returning to the heart, leaving only the pulmonary
venous return filling the single ventricle and being
pumped to the aorta. Since Fontan described this approach
to bypassing the right side of the heart over 40 years ago
(128), the concept has been applied to all congenital
lesions in which the heart cannot be fully septated. 

Currently, the Fontan is performed between 2 and 4
years of age as the final step in a staged surgical approach.
Acute management of these patients remains a largely
pediatric issue. However, for the first time, a significant
number of patients are reaching adulthood with Fontan
physiology, presenting difficulties for adult cath labs that
are not used to dealing with this physiology on a regular
basis.

Fontan Physiology

In two-ventricle circulation, pulmonary venous return is
pumped by the left ventricle to the systemic circulation
with sufficient energy to traverse the systemic vascular bed
(overcoming systemic vascular resistance). The blood then
returns through the systemic veins to the right ventricle,
which adds enough additional energy to the blood to tra-
verse the pulmonary vascular bed (overcoming pulmonary
resistance). In a Fontan circulation, the one functional ven-
tricle must generate enough energy to traverse both sys-
temic and pulmonary vascular beds in series. 

Since there is no additional energy added after crossing
through the systemic vascular bed, flow to the lungs is a
passive flow system, where the blood from the SVC and
IVC flows “downhill” through the pulmonary artery, pul-
monary veins, left atrium, and then into the single ventri-
cle. It is clear, therefore, that any derangements of pul-
monary vasculature, including elevated pulmonary vascular
resistance, competitive flow (aortopulmonary collaterals),
AV valve stenosis or regurgitation, elevation of (left) ven-
tricular end diastolic pressure, or even rhythm disturbances
with loss of AV synchrony will impede forward flow in this
circulation and create higher systemic venous pressures.
When systemic venous pressures exceed 15 to 20 mm Hg,
venous stasis/pooling will occur. The result is diminished
pulmonary flow, diminished left atrial return, and inade-
quate left ventricular preload, resulting in low cardiac out-
put. Patients with a failing Fontan physiology typically pre-
sent with classic right heart failure: fluid retention,
peripheral edema, ascites, and low output. 

In some children, a small Fontan “fenestration” may be
created at the time of surgery. This communication between
the systemic venous Fontan pathway and the pulmonary
venous atrium allows a limited right-to-left shunt at the
atrial level. This technique has been shown to improve
outcomes of the surgery by better maintaining cardiac
output in the perioperative period, at the expense of
mild cyanosis (129,130). Secondary Fontan fenestration
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creation may be helpful later in the patient with a failing
Fontan circulation, and has been performed both in the
operating room (131) and in the cath lab as an interven-
tional procedure (132).

Other issues are common in a failing Fontan patient:
Protein-losing enteropathy is a syndrome seen in some
Fontan patients (133), in which serum proteins are lost
through the stool. The exact mechanism for these losses is
unknown, but in some cases may be related to bowel
edema as a result of high venous pressures. These protein
losses include albumin, which results in lower serum
oncotic pressure, worsening the patient’s fluid retention.
Antithrombotic factors, such as antithrombin III, may also
be lost, promoting hypercoagulable states. 

Atrial arrhythmias, owing to stretching of the atria or to
extensive atrial surgery, may be the chief presentation of a
failing Fontan or may be one of the underlying causes of
the physiologic derangement. Ventricular dysfunction is a
common endpoint for Fontan patients. The mechanism of
ventricular failure is unknown, but is probably related to
the amount of time prior to the Fontan, when the LV
myocardium was both stretched owing to volume overload
and oxygen starved as the coronaries carried cyanotic
blood. Interestingly, Fontan patients cannot develop pul-
monary venous congestion like other patients with poor
left ventricular function. Mean left atrial/pulmonary artery
pressures cannot get high enough to cause pulmonary
edema before systemic venous stasis occurs. These patients
will present with “right heart failure” long before they
develop typical symptoms of left heart failure. Because
Fontan patients have begun to reach adult age in signifi-
cant quantity, careful invasive assessment of the Fontan
physiology will be required in the adult cath lab. 

Hemodynamic Evaluation

Right and left heart hemodynamics should be obtained
with particular focus on mechanical obstructions in the
Fontan pathway. Ventricular end-diastolic pressure and PA
wedge pressures should be compared to rule out pul-
monary vein or AV valve obstruction. Pullbacks through
both branch PAs should be done, looking for pressure gra-
dients. Surgical anastomoses should be a site of particular
attention. Cardiac output should be assessed using the Fick
calculation. Saturations should be obtained in the central
and distal PAs to rule out competitive aortopulmonary col-
lateral flow. 

Angiographically, all of the limbs of the Fontan pathway
should be imaged, particularly because of the difficulties in
imaging these branches using echocardiography. Venous
collaterals draining to the heart or via a pulmonary vein
directly to the atrium and via the coronary sinus should be
ruled out, particularly in a patient who has issues of systemic
desaturation. An aortogram should be performed at the dis-
tal arch to rule out aortopulmonary collaterals providing
competitive flow and to exclude aortic arch obstructions

that may be affecting ventricular afterload. Atrial pacing can
be performed to assess its effect on cardiac output and on
atrial filling pressures for patients in nonsinus rhythm.

The interventions that may be required to improve
Fontan physiology include a virtual manual of the proce-
dures outlined in this chapter. Branch pulmonary artery
stenosis should be ballooned or stented to relieve any
pathway obstruction. Venous pathways, and surgical anas-
tomoses may also require enlargement/angioplasty.
Collaterals should be aggressively embolized. Fontan fen-
estrations may need to be occluded in a patient who is
excessively cyanotic. The devices for atrial septal closure
can be used for this purpose. In some patients, when there
is little other relief available, the cath lab creation of a sec-
ondary Fontan fenestration has been shown to improve
the symptoms of protein-losing enteropathy in some and
to improve cardiac output in all (131–133). Pulmonary AV
malformations may be present in patients who previously
underwent a Glenn shunt and may need to be embolized.

SUMMARY

The above discussion covers only a few of the large array of
interventional procedures performed in a catheterization
laboratory that manages congenital heart disease. As
important as familiarity with the procedures themselves is
the need for a thorough understanding of the underlying
anatomy and physiology. Like other expanding areas of
interventional cardiology, existing specialists in congenital
heart disease should play an important educational and
collaborative role in training future specialists in adult
congenital and structural heart disease. 
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Heart Disease
Ted Feldman William Grossman

The cardiac valves function to maintain unidirectional
flow, thus ensuring that the energy released during myocar-
dial contraction is transformed efficiently into the circula-
tion of blood around the body. When the valves become
diseased (either by restriction [stenosis] or insufficiency
[regurgitation]), efficient unidirectional flow is compro-
mised and various compensatory mechanisms are brought
into play to help the circulation meet the metabolic needs
of the body. These mechanisms—chiefly dilatation and
hypertrophy—have their own clinical costs, which are
responsible for the major manifestations of valvular heart
disease.

Valvular heart disease may be considered to impose two
different types of stress on the cardiac chamber proximal to
the lesion. These are either pressure overload (increased
afterload) or volume overload (increased preload). The for-
mer is generally the result of valvular stenosis and the latter
of valvular insufficiency. Both pressure overload and vol-
ume overload serve as stimuli for compensatory mecha-
nisms, chiefly hypertrophy (which allows the generation of
greater systolic force and at the same time tends to normal-
ize wall stress by increasing wall thickness) and dilatation
(which enables increased strength and extent of shortening
by the Frank-Starling mechanism). These mechanisms pre-
serve the circulation at the cost of increased myocardial oxy-
gen needs and elevated ventricular filling pressures, leading
to clinical evidence of ischemia and congestive heart failure.

This chapter will illustrate the hemodynamic and angio-
graphic findings seen in patients with valvular heart dis-
ease. It is useful to apply the general physiologic principles
discussed above in the interpretation of catheterization
data obtained in patients with disordered valve function,
and this approach generally will enable the physician to
unravel even the most complicated of problems.

MITRAL STENOSIS

The orifice area of the normal mitral valve is about 4.5 cm2.
As a result of chronic rheumatic heart disease, the orifice
becomes progressively smaller, and this leads to at least two
distinct and important circulatory changes (1). The first is the
development of a pressure gradient across the mitral valve,
the left ventricular mean diastolic pressure remaining at its
normal level of about 5 mm Hg and the left atrial mean pres-
sure rising progressively, reaching about 25 mm Hg when the
orifice of the mitral valve is reduced to approximately 1.0
cm2 (Fig. 28.1). A second major circulatory change is reduc-
tion of blood flow across the mitral valve, i.e., reduction of
the cardiac output. The normal resting cardiac output of 3.0
L/minute per m2 usually falls to about 2.5 L/minute per m2

when the valve size is 1.0 cm2. A rise in left atrial pressure
necessitates a similar rise in pressure in pulmonary veins and
capillaries, and pulmonary edema occurs when the pul-
monary capillary pressure exceeds the oncotic pressure of
normal plasma, which is about 25 mm Hg.

Reactive pulmonary hypertension practically never
occurs in mitral stenosis until the mitral valve area
approaches 1.0 cm2, i.e., when the resting left atrial pres-
sure approaches 25 mm Hg. After this point, reactive
changes in the pulmonary arteriolar bed develop fre-
quently, resulting in progressive obstruction to blood flow
through the lungs.

As pulmonary vascular obstruction becomes increas-
ingly severe, the pulmonary arterial pressure rises and occa-
sionally may exceed the systemic arterial pressure. In the
extreme, the pulmonary vascular resistance can rise to 25
or 30 times normal. Despite substantial hypertrophy, the
right ventricle cannot cope with the enormous pressure
load imposed on it, and it dilates and fails.



The Second Stenosis

Thus, in mitral stenosis, two stenoses eventuate—first at
the mitral valve and second in the arterioles of the lung.
The hemodynamic findings in patients with tight mitral
stenoses with and without major pulmonary vascular dis-
ease are illustrated in Fig. 28.2. As can be seen, the second
stenosis (Fig. 28.2, bottom) has resulted in a 70-mm Hg
mean pressure gradient across the lungs, giving a pul-

monary vascular resistance of 1,866 dyn·sec·cm�5. Workup
of the patient with mitral stenosis should include an
assessment of both these obstructions.

Catheterization Protocol

The usual indication for cardiac catheterization in patients
with mitral stenosis is that the patient is being considered
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Figure 28.1 Simultaneous left atrial (LA) and left ventricular (LV) pressures (A) and pulmonary
capillary wedge (PCW) and LV pressures (B) in a patient with tight mitral stenosis and a mean PCW
pressure of approximately 25 mm Hg. LV end-diastolic pressure is normal at 10 mm Hg. Note the
presence of a waves in the LA and PCW trace, which are not transmitted to the LV because of the
damping effect of the stenotic mitral valve. (Reproduced from Lange RA, et al. Use of pulmonary
capillary wedge pressure to assess severity of mitral stenosis: is true left atrial pressure needed in
this condition? J Am Coll Cardiol 1989;13:825, with permission.)

Figure 28.2 Diagrammatic representation of the circulation in patients with normal hemodynamics
(top), tight mitral stenosis (center), and tight mitral stenosis with pulmonary vascular disease and the
development of a second stenosis at the pulmonary arteriolar level (bottom). See text for discussion.



for either balloon mitral valvuloplasty or corrective
surgery. Catheterization should be a combined right and
left heart procedure in which the following measurements
and calculations are made:

1. Simultaneous left ventricular diastolic pressure, left
atrial (or pulmonary capillary wedge) diastolic pressure,
heart rate, diastolic filling period, and cardiac output. From
these, the size of the mitral valve orifice may be calculated
(see Chapter 10 for details of the orifice area calculation).

2. If the transmitral pressure gradient is �5 mm Hg, the
error in calculation of the mitral valve orifice area is apprecia-
ble. The circulatory measurements should be repeated under
circumstances of stress (exercise, reversible increase in pre-
load resulting from passive elevation of the patient’s legs,
tachycardia induced by pacing) to increase the pressure gra-
dient across the mitral valve.

3. Simultaneously, or in close order, pulmonary arterial
mean pressure, left atrial (or pulmonary capillary wedge)
mean pressure, and cardiac output for the calculation of
pulmonary vascular resistance.

4. Right ventricular systolic and diastolic pressures for
assessment of right ventricular function.

5. If other lesions are suspected (e.g., mitral regurgita-
tion, aortic valve disease, left atrial myxoma), they too must
be evaluated. In this regard, it should be pointed out that
certain lesions tend to occur in combination with mitral
stenosis. Many (if not most) patients with severe mitral
stenosis have some degree of aortic regurgitation. Also,
although it is rare, tricuspid stenosis always should be
looked for in the patient with severe mitral stenosis, because
it is seen only in association with this condition. Another
condition that may be associated with mitral stenosis is
atrial septal defect with left-to-right shunt. The combination
of mitral stenosis and atrial septal defect is known as
Lutembacher syndrome. Thus, as with standard right heart
catheterization, described in Chapters 4 through 6, the oper-
ator should obtain screening blood samples from the supe-
rior vena cava and pulmonary artery for oximetry determi-
nation. This has taken on added importance in the present
era when balloon mitral valvuloplasty (see Chapter 25) has
become a standard treatment for mitral stenosis. Balloon
mitral valvuloplasty generally requires trans-septal catheteri-
zation and involves limited dilatation of the interatrial sep-
tum; thus the procedure may create an atrial septal defect,
thereby producing iatrogenic Lutembacher syndrome (2).

The following case studies illustrate the different clinical
and hemodynamic syndromes seen in patients with mitral
stenosis. The first is a typical example of a symptomatic
patient with tight mitral stenosis, normal pulmonary vas-
cular resistance, and a normal-sized heart (stage II, Fig.
28.3). The second is an example of a relatively asympto-
matic patient with more severe mitral stenosis, a fivefold to
tenfold increase of pulmonary vascular resistance, and an
enlarged heart caused principally by enlargement of the
right ventricle (stage III, Fig. 28.3). The third represents ter-
minal mitral stenosis with an extreme degree of pul-

monary vascular resistance, pulmonary hypertension, and
right ventricular failure (stage IV, Fig. 28.3).

Case 1: Tight Mitral Stenosis with Normal Pulmonary
Vascular Resistance. A.R., a 35-year-old woman, had
chorea as a child and was asymptomatic thereafter until age
33, when she noted the onset of exertional dyspnea. This
progressed to the point of her having to stop after climbing
one flight of stairs slowly. She had had one recent episode
of hemoptysis. Her most troublesome symptom at the time
of presentation had been paroxysmal atrial fibrillation over
a period of several months. She had had orthopnea and
one episode of paroxysmal nocturnal dyspnea.

On physical examination, she was in no apparent dis-
tress. Blood pressure was 130/70 mm Hg, and pulse rate
was 80 beats per minute and regular. There was no jugular
venous distension, lungs were normal, and the point of
maximal impulse was in the fifth interspace in the mid-
clavicular line. S1 was accentuated. At the apex, there was a
grade 1/6 holosystolic murmur, an opening snap, and a
grade 2 diastolic rumble with presystolic accentuation. The
liver edge was at the costal margin, and there was no edema.
The ECG was within normal limits. The chest roent-
genogram showed a normal-sized heart, an enlarged left
atrium, a mild degree of pulmonary vascular redistribu-
tion, no calcification in the region of the mitral valve, and
was otherwise normal.

Cardiac catheterization revealed the following:

Body surface area, m2 1.78
O2 consumption, mL/min 180
A-V O2 difference, mL/L 40
Cardiac output, L/min 4.5
Heart rate, beats/min 76, NSR
Pressures, mm Hg

Brachial artery 130/70, 
Left ventricle 130/8

Diastolic mean 6

90
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Figure 28.3 Stages in the natural history of mitral stenosis. As
the mitral orifice progressively narrows, pulmonary vascular resist-
ance increases. This increase is slow at first, but when the mitral
valve area becomes “critical” (�1 cm2), the increase is rapid,
reflecting the development of a second stenosis at the level of the
precapillary pulmonary arterioles. Clinical correlations are dis-
cussed in the text.



Diastolic filling period, sec/beat 0.42
Pulmonary capillary wedge

Mean 24
Diastolic mean 20

Pulmonary artery 40/22, 
Right ventricle 40/6
Right atrium, mean 4
Pulmonary vascular resistance,

dyn·sec·cm�5 71
Calculated mitral valve area, cm2 1.0

Cineangiography of the left ventricle revealed no mitral
regurgitation.

Interpretation. This patient was symptomatic because of
her increased left atrial pressure and atrial arrhythmia. She
had not yet developed the second stenosis, discussed previ-
ously, at the precapillary pulmonary arteriolar level. Thus
her pulmonary artery pressure elevation was purely a con-
sequence of the increased left atrial and pulmonary venous
pressures, and the pulmonary vascular resistance was nor-
mal (�120 dyn·sec·cm�5). In the spectrum of patients
with mitral stenosis, she would fall into stage II of Fig.
28.3. Appropriate therapy might be balloon mitral valvulo-
plasty or surgical valve replacement, depending on the
degree of valve deformity seen on echocardiography.
Without relief of the mitral stenosis, her paroxysmal atrial
fibrillation will likely become continuous.

Case 2: Severe Mitral Stenosis, Moderately Elevated
Pulmonary Vascular Resistance, Few Symptoms, Fatigue
Syndrome. E.C., a 42-year-old woman, had no history of
acute rheumatic fever. She was asymptomatic until she was
19 years old, when during the last month of her first preg-
nancy, at which time she was quite anemic, she developed
pulmonary congestion. She responded well to therapy and
remained asymptomatic thereafter, even during three sub-
sequent pregnancies. However, during her fifth pregnancy
at age 37, dyspnea, orthopnea, paroxysmal nocturnal dysp-
nea, and one episode of hemoptysis of pure red blood
occurred at the seventh month, necessitating hospitaliza-
tion through term. Thereafter she improved, but became
progressively tired with loss of energy and drive. She
became less thorough in her housework and in her atten-
tion to the children’s clothes and lost her previous meticu-
lousness. If she pushed herself, she would become some-
what short of breath on a flight of stairs, but it was fatigue
more than breathlessness that bothered her.

On examination, she was well nourished and had a
malar flush. Her blood pressure was 115/70 mm Hg; her
pulse, 90 beats per minute and irregularly irregular.
Respirations were 15 per minute. There was no pulmonary
or peripheral congestion. The neck veins were just visible at
the clavicles with the patient sitting upright. The point of
maximal impulse was in the fifth interspace just outside
the midclavicular line. The impulse was normal. A promi-
nent parasternal heave was present. S1 was accentuated. No
apical systolic murmur was present. There was an opening
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snap and a grade 2 apical diastolic rumble. The ECG
showed right ventricular hypertrophy and atrial fibrilla-
tion. Chest radiographs showed the heart to be moderately
enlarged because of enlargement of the left atrium and
right ventricle. The pulmonary arteries were prominent,
and there was a moderate degree of pulmonary vascular
redistribution.

The findings at cardiac catheterization were as follows:

Body surface area, m2 1.41
O2 consumption, mL/min 188
A-V O2 difference, mL/L 51
Cardiac output, L/min 3.7
Heart rate, beats/min 85, AF
Pressures, mm Hg

Brachial artery 120/62, 
Left ventricle 120/7

Diastolic mean 5
Diastolic filling period, 0.38

sec/beat
Pulmonary capillary wedge

Mean 27
Diastolic mean 23

Pulmonary artery 82/32,
Right ventricle 82/10
Right atrium, mean 8

Pulmonary vascular resistance, 520
dyn·sec·cm�5

Calculated mitral valve area, cm2 0.7

Interpretation. This patient’s symptoms were caused ini-
tially by elevated left atrial pressure when, during her fifth
pregnancy, she developed hemoptysis, orthopnea, and
paroxysmal nocturnal dyspnea. Subsequently, however,
her major symptom was fatigue, associated with a reduced
cardiac output and an increased arteriovenous O2 differ-
ence. The orthopnea and paroxysmal dyspnea had receded
somewhat despite the fact that her pulmonary capillary
pressure was at the pulmonary edema level. This is a com-
mon, although poorly understood, phenomenon in
patients with mitral stenosis when pulmonary vascular dis-
ease begins to occur. Thus, this patient was beginning to
develop the second stenosis discussed previously, and this
is apparent from the elevated pulmonary vascular resist-
ance (520 dyn·sec·cm�5). In the spectrum of patients
with mitral stenosis, she would be representative of stage
III of Fig. 28.3. As was true for the patient just discussed
(case 1), appropriate therapy would be either balloon
mitral valvuloplasty or surgical valve replacement.

Case 3: Terminal Mitral Stenosis with Severe Pulmo-
nary Hypertension. C.A., a 47-year-old woman, had had
acute rheumatic fever at 8 years of age and a murmur ever
since. She did well thereafter until age 42, when she noticed
exertional dyspnea and paroxysmal nocturnal dyspnea. At
age 43, these symptoms worsened. Orthopnea and ankle
edema appeared. Her symptoms then improved for nearly
2 years, only to return 2 months prior to admission. Since
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then, despite a good cardiac regimen, she had had to lead a
bed-chair-bathroom existence.

On examination, she was cachectic, dyspneic, and
orthopneic. Acrocyanosis was evident. Blood pressure was
96/72 mm Hg; pulse rate was 90 beats per minute and
irregularly irregular; respirations were 32 per minute. Neck
veins were distended to the angle of the jaw, v waves were
prominent, and there were bibasilar rales over the lung
fields. The point of maximal impulse was in the anterior
axillary line. The apex impulse was normal, but a paraster-
nal heave was present. S1 was loud. Systole was silent. An
opening snap was present, and there was a barely audible
mitral diastolic murmur with appreciable presystolic
accentuation. The pulmonary component of S2 was loud
and palpable. The liver was two fingerbreadths below the
right costal margin and was tender. There was considerable
pitting edema to the knees. The ECG showed atrial fibrilla-
tion, right-axis deviation, and right ventricular hypertro-
phy. Chest roentgenogram showed a large heart with
prominent left atrium, right ventricle, pulmonary arteries,
pulmonary vasculature, and Kerley B lines.

Cardiac catheterization revealed the following:

Body surface area, m2 1.4
O2 consumption, mL/min 201
A-V O2 difference, mL/L 110
Cardiac output, L/min 1.8
Pulse rate, beats/min 92, AF
Pressures, mm Hg

Brachial artery 108/70
Left ventricle 108/12

Diastolic mean 10
Diastolic filling period, sec/ 0.36

beat
Pulmonary capillary wedge

Mean 33
Diastolic mean 31

Pulmonary artery 125/65, 
Right ventricle 125/20
Right atrium, mean 19

Pulmonary vascular resistance, 1,838
dyn·sec·cm�5

Calculated mitral valve area, cm2 0.3

Interpretation. This patient had symptoms of left atrial
hypertension 5 years before her catheterization, suggesting
that she was in stage II (see Fig. 28.3) of mitral stenosis at
that time. At the time of presentation to us, she had evi-
dence of advanced right heart failure and pulmonary
hypertension. This woman has two stenoses, and both are
severe: The mitral orifice area is less than one-tenth normal
at 0.3 cm2, and the pulmonary vascular resistance is
approximately 18 times normal at 1,838 dyn·sec·cm�5.
She is in late stage IV of mitral stenosis, as diagrammed in
Fig. 28.3. Even at this stage in their course, patients can
respond dramatically to correction of their mitral stenosis.
As pointed out in Chapter 8, pulmonary vascular resistance
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gradually returns toward normal in patients with advanced
mitral stenosis (stage III or IV, Fig. 28.3) after successful
balloon valvuloplasty or surgical commissurotomy/valve
replacement.

MITRAL REGURGITATION

Mitral incompetence, failure of the valve to prevent regur-
gitation of blood from the left ventricle to the left atrium
during ventricular systole, may be caused by functional or
anatomic inadequacy of any one of the components of the
mitral valve apparatus, which consists of two valve leaflets,
two papillary muscles with their chordae tendineae, and
the valve ring or annulus.

Mitral regurgitation may occur when there is destruc-
tion or deformation of the valve leaflets as a result of
rheumatic fever or bacterial endocarditis. In patients with
mitral regurgitation resulting from either of these condi-
tions, mitral regurgitation begins during “isometric” ven-
tricular contraction and continues throughout systole,
thus giving rise to a holosystolic murmur. A fibromyxoma-
tous process in the mitral valve leaflets and chordae
tendineae may give rise to mitral prolapse and the floppy
valve syndrome. In such patients, regurgitation usually
does not begin until ventricular ejection has led to a
reduction in left ventricular chamber size, so that the
regurgitation and accompanying murmur occur in middle
or late systole. There may or may not be  evidence of
Marfan syndrome in these patients. The papillary muscles
are usually normal, but there is a marked redundancy of
the valve leaflets and chordae with resulting prolapse into
the left atrium during systole and accompanying regurgi-
tation.

The papillary muscles are particularly vulnerable to
ischemia from coronary artery disease as well as to dam-
age from viral myocarditis. The posterior papillary muscle
derives its blood supply from the right coronary and left
circumflex arteries. Ischemic dysfunction of this muscle
may occur in association with either an inferior or
posterolateral myocardial infarction. Less frequently,
ischemic involvement of the anterior papillary muscle in
an anterior or anterolateral infarction produces mitral
regurgitation. Papillary-chordal integrity is maintained to
a point when the left ventricle dilates. The common
occurrence of a mitral regurgitant murmur in patients
with large left ventricles, however, may reflect a simple
anatomic loss of this integrity, an involvement of the pap-
illary muscle with the same disease that causes the left
ventricle to dilate, or an abnormality of contraction of the
mitral annulus.

Physiology

Mitral regurgitation from whatever cause implies a double
outlet to the left ventricle: During systole, blood exits the
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left ventricle through both aortic and mitral valves.
Although total left ventricular output rises, that going into
the aorta may fall. The left ventricular “output” regurgitat-
ing through the mitral valve depends on at least five fac-
tors: the size of the regurgitant orifice, left atrial compli-
ance, the systolic mean pressure difference between the left
ventricle and the left atrium, the duration of systole, and
the resistance to forward ejection of blood through the aor-
tic valve and into the aorta (e.g., aortic stenosis or periph-
eral vasoconstriction exacerbate mitral regurgitation).
Although hypertension aggravates and lowering of blood
pressure lessens mitral regurgitation, the most important
factor is probably the size of the regurgitant orifice.  In nor-
mal subjects and most other valve lesions, the left ventricu-
lar mass-to-volume ratio is �1.0.  There is proportionately
less left ventricular mass in mitral regurgitation with a
mass-to-volume ratio �1.  Thus, the radius-to-thickness
ratio is high and, despite the usual assumption that the left
ventricle is unloaded into the left atrium, systolic wall
stress is actually greater than normal.

In patients with mitral regurgitation, cardiac catheteri-
zation is important to provide a complete hemodynamic
and angiographic assessment of the severity of the valvular
lesion.

Hemodynamic Assessment

First, it is important to assess the hemodynamic conse-
quences of the mitral regurgitation by measuring cardiac
output and right and left heart pressures (3–8).

Interpretation of v Waves in the Pulmonary
Capillary Wedge Tracing

With acute mitral regurgitation (e.g., ruptured chordae
tendineae), giant v waves will be seen in the left atrial or
pulmonary artery pressure tracing (Fig. 28.4). In this
regard, our Fellows and Residents have often asked, “How
large must a v wave be to be diagnostic of severe mitral
regurgitation?” In my experience, v waves up to twice the
mean left atrial pressure can be seen in the absence of any
mitral regurgitation. The patient with left ventricular fail-
ure from any cause may have a distended, noncompliant
left atrium, and the normal v wave (which is owing to left
atrial filling from the pulmonary veins during left ventricu-
lar systole) will be prominent in this circumstance (7).
When pulmonary blood flow is increased, the normal v
wave increases in prominence correspondingly; this is par-
ticularly striking in acute ventricular septal defect compli-
cating myocardial infarction, in which enormous v waves
(�50 mm Hg) can be seen in the absence of any mitral
regurgitation (9).

A v wave greater than twice the mean left atrial (or pul-
monary capillary wedge) pressure is suggestive of severe
mitral regurgitation, and when the height of the v wave is
three times the mean pulmonary capillary wedge or left

atrial pressure, a diagnosis of severe mitral regurgitation is
virtually certain (see Fig. 28.4). We hasten to point out,
however, that the absence of a prominent v wave by no
means rules out severe mitral regurgitation. Slowly devel-
oping chronic mitral regurgitation commonly leads to
marked left atrial enlargement, and the dilated left atrium
can accept an enormous regurgitant volume per beat with-
out any increase in mean pressure or height of the v wave
(10). Also, the level of afterload, as determined by systemic
vascular resistance, may greatly affect the height of the
regurgitant or v wave in patients with mitral regurgitation
(4). As seen in Figure 28.5A, a patient with severe mitral
regurgitation had a v wave of 48 mm Hg when left ventric-
ular (LV) systolic pressure was approximately 140 mm Hg.
With sodium nitroprusside (right), the LV systolic pressure
came down to 120 mm Hg, and the v wave was essentially
abolished (11). Although this patient’s regurgitant fraction
was reduced with sodium nitroprusside (from 80 to 64%),
it still remained in the range of severe mitral regurgitation
(see below). As summarized in a study by Snyder et al. (12)
and more recently by Syed (9), prominent v waves in the
pulmonary capillary wedge (PCW) tracing are insensitive
and have a poor positive predictive value in identifying
moderate or severe mitral regurgitation.

Exercise Hemodynamics

Another important hemodynamic parameter in the assess-
ment of mitral regurgitation is the forward cardiac output.
Low cardiac output is common in advanced mitral regurgi-
tation and may account for much of the clinical picture. If
resting cardiac output is near normal, and if the patient’s
primary symptoms are related to exertion (i.e., easy fatiga-
bility and dyspnea on exertion), dynamic exercise during
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Figure 28.4 Left ventricular (LV) and pulmonary capillary wedge
(PCW) pressure tracings taken in a patient with ruptured chordae
tendineae and acute mitral insufficiency. The giant v wave results
from regurgitation of blood into a relatively small and noncompli-
ant left atrium. Electrocardiogram (ECG) illustrates the timing of
the PC v wave, whose peak follows ventricular repolarization, as
manifested by the T wave of the ECG.
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Figure 28.5 A. Left ventricular and pulmonary capillary wedge pressures before (left) and during
(right) an infusion of sodium nitroprusside in a patient with severe mitral regurgitation and atrial fi-
brillation. This illustrates the sensitivity of the v wave height to LV afterload in patients with mitral
regurgitation. See text for discussion. (From Harshaw CW, et al. Reduced systemic vascular resist-
ance as therapy for severe mitral regurgitation of valvular origin. Ann Intern Med 1975;83:312.)
B. Simultaneous left ventricular (LV) and left atrial (LA) pressures before and after percutaneous
mitral repair. Prerepair, there is 4� mitral regurgitation, but the peak of the v wave exceeds 40 mm
Hg, which is less than twice the mean LA pressure. Following repair, the LA waveform has normal-
ized with a dramatic change in the v wave morphology.



cardiac catheterization may be revealing. If the symptoms
are cardiac in origin, the patient usually fails to increase
cardiac output appropriately with exercise; i.e., the increase
in cardiac output will be �80% of predicted (see formula
for prediction of cardiac output increase with exercise in
Chapter 15). In addition, pulmonary capillary wedge or
left atrial mean pressure will rise with exercise, commonly
reaching levels �35 mm Hg by 4 to 5 minutes of supine
bicycle exercise, even if the control value was nearly
normal.

Angiographic Assessment

The second objective of cardiac catheterization in patients
with mitral regurgitation is the angiographic assessment of
the severity of the regurgitation by left ventriculography.
The assessment may be qualitative, by noting the degree of
opacification of the left atrium owing to regurgitation back
through the incompetent valve, using a scale of 1� (mild),
2� (moderate), 3� (moderately severe), and 4� (severe)
regurgitation. Although these grades are subjective, certain
criteria can be used to enhance consistency of their usage.
Regurgitation that is 1� essentially clears with each beat
and never opacifies the entire left atrium. When regurgita-
tion is 2� (moderate), it does not clear with one beat and
generally does opacify the entire left atrium (albeit faintly)
after several beats; however, opacification of the left atrium
does not equal that of the left ventricle. In 3� regurgitation
(moderately severe), the left atrium is completely opacified
and achieves equal opacification with the left ventricle. In
4� regurgitation (severe), opacification of the entire left
atrium occurs within one beat, the opacification becomes
progressively more dense with each beat, and contrast
material can be seen refluxing into the pulmonary veins
during left ventricular systole.

Regurgitant Fraction

The angiographic assessment of severity of mitral regurgita-
tion also may be made more quantitative by calculation of
the regurgitant fraction. This entails measurement of total
left ventricular stroke volume (TSV) from the left ventriculo-
gram and the amount that goes forward by way of the aorta
to the body (the forward stroke volume, FSV) by Fick or
indicator-dilution technique. The TSV is calculated as the
difference between end-diastolic and end-systolic left ven-
tricular volumes (EDV � ESV � TSV), as described in
Chapter 16. Regurgitant stroke volume (RSV, regurgitant vol-
ume per beat) is then given as RSV � TSV � FSV. Regurgitant
fraction (RF) is then calculated as RF � RSV/TSV.

The accuracy of these calculations depends on many
factors. Because FSV is calculated by dividing cardiac out-
put by heart rate at the time of the Fick (or other) cardiac
output determination, it is an average stroke volume. The
particular beat chosen from the left ventriculogram for
volume determination must therefore be an average or

representative beat; alternatively, volumes from multiple
beats may be calculated and averaged. Thus, in patients
with atrial fibrillation or extrasystoles during ventriculog-
raphy, the regurgitant stroke volume and regurgitant frac-
tion may be highly inaccurate and should not be calcu-
lated in such patients. It also should be obvious that the
accuracy of the regurgitant fraction depends on a similar
physiologic state prevailing between the cardiac output
and angiographic phases of the catheterization proce-
dure. An increase in arterial blood pressure may substan-
tially increase the mitral regurgitation and decrease for-
ward output. Therefore, if blood pressure or other
hemodynamic variables change significantly between the
time of cardiac output determination and left ventricu-
lography, it is pointless to calculate regurgitant fraction.
Finally, regurgitant fraction quantifies, at best, the total
amount of regurgitation. Thus, if a patient has both
mitral and aortic regurgitation, the regurgitant fraction
gives an assessment of the regurgitation owing to both
lesions combined.

A study from the Mayo Clinic used left ventricular
cineangiography to calibrate Doppler echocardiographic
techniques for quantification of mitral regurgitation in 180
patients with isolated, pure mitral regurgitation (13).
Patients had left ventricular cineangiography to quantify
mitral regurgitation, using a grading scale of I to IV, much
as just described. They found that  grade I angiographic
mitral regurgitation corresponded to a Doppler measured
regurgitant fraction of 28  9%, grade II angiographic
mitral regurgitation to a regurgitant fraction of 38  9%,
grade III mitral regurgitation to a regurgitant fraction of 44
 10%, and grade IV mitral regurgitation to a regurgitant
fraction of 59  12%. The finding that grade I angio-
graphic mitral regurgitation corresponded to a regurgitant
fraction of 28  9% is surprising, and probably reflects the
sensitivity of the Doppler technique in detecting mitral
regurgitation. Using angiographic methods for quantifying
left ventricular volumes and regurgitant fraction, grade I
(mild) angiographic mitral regurgitation probably corre-
sponds to a regurgitant fraction of �20%, grade II (moder-
ate) mitral regurgitation to a regurgitant fraction of 20 to
40%, grade III (moderately severe) angiographic regurgita-
tion to a regurgitant fraction of 41 to 60%, and grade IV
(severe) angiographic mitral regurgitation to a regurgitant
fraction of �60%, although greater precision is limited by
contrast injection technique, arrhythmia, and variations in
left atrial size (14; see Chapter 12).

A third objective of cardiac catheterization in patients
with mitral regurgitation is the assessment of left ventricu-
lar function by measuring the left ventricular diastolic pres-
sure and, more important, by measuring the left ventricu-
lar ejection fraction and end-systolic volume. As others
have emphasized, the nearer the preoperative ejection frac-
tion is to normal, the greater is the degree of postoperative
restoration to full activity. Specific parameters of left ven-
tricular function are discussed in Chapters 16 and 17.
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Catheterization Protocol

1. Right heart catheterization for evaluation of right
atrial pressure (to detect possible tricuspid valve disease or
right ventricular failure), pulmonary artery pressure
(degree of pulmonary hypertension), and wedge pressure
(v wave height). In severe, acute mitral regurgitation, a v
wave may actually be seen in the pulmonary artery as a sec-
ond or late systolic hump in the pressure waveform (8).

2. Left heart catheterization for measurement of left
ventricular end-diastolic pressure (LVEDP) and assessment
of gradients (if any) across mitral or aortic valves. A charac-
teristic of severe mitral regurgitation is that the LVEDP is
usually much lower than the left atrial (LA) or PCW mean
pressure. In contrast, in LV failure owing to cardiomyopa-
thy or coronary artery disease, LVEDP is usually close or
equal to the PCW mean pressure, whereas in aortic regurgi-
tation or LV aneurysm, LVEDP is usually much higher than
PCW mean pressure.

3. Cardiac output by Fick or indicator-dilution tech-
nique. This measures the fraction of blood going out by way
of the aorta to the body and by itself yields no information
about regurgitant flow. The response of forward cardiac out-
put to dynamic exercise may provide useful information,
however, because patients with severe mitral regurgitation
are generally incapable of increasing forward output com-
mensurate with the needs of the body, as estimated by the
increased oxygen consumption (see Chapter 15).

4. Left ventriculography is the definitive method for
evaluating mitral regurgitation. By this method, it is possi-
ble to measure left ventricular volumes and regurgitant
fraction, as discussed previously. Coronary angiography
usually is carried out as well, to assess the need for revascu-
larization at the time of valve repair/replacement surgery,
should that prove necessary.

5. Pharmacologic intervention. An infusion of sodium
nitroprusside (see Fig. 28.5A) often has a dramatic and
salutary effect on the hemodynamic abnormalities in
mitral regurgitation and may have both diagnostic and
therapeutic value. Although TSV may not change, RSV
decreases and FSV increases, leading to increased cardiac
output.

Case 4: Mitral Regurgitation. G.A. was a 59-year-old
woman with no history of rheumatic fever in childhood.
She was healthy and active until 6 months before admis-
sion, when she noticed both dyspnea and lower chest
discomfort on mild exertion but no other symptoms of
heart failure. There was no past history of bacterial endo-
carditis.

On physical examination, she had normal body habitus.
Blood pressure was 130/70 mm Hg; pulse was 80 beats per
minute and regular. The jugular veins were not distended,
the carotid pulsations were normal, and the lungs were
clear. The apical impulse was diffuse; S1 was diminished.
There was a grade 3/6 apical pansystolic murmur transmit-
ted to the axilla. No opening snap, S3, or diastolic murmurs

were heard. There were no aortic murmurs. The ECG showed
normal sinus rhythm, complete right bundle branch block,
and left-axis deviation. Chest roentgenogram showed
enlargement of the left ventricle and left atrium. No valvu-
lar calcification was seen.

Cardiac catheterization, left ventriculography, and coro-
nary angiography were performed with the following
findings:

Body surface area, m2 1.95
O2 consumption, mL/min 200
A-V O2 difference, mL/L 52
Cardiac output, L/min

Total left ventricular output 10.4
(angiographic)

Forward flow (Fick) 3.9
Regurgitant flow 6.5

Heart rate, beats/min 67
Stroke volume, mL/beat

End-diastolic LV volume, mL 197
(angiography)

End-systolic LV volume, mL 42
(angiography)

Total LV stroke volume, mL 155
(angiography)

Forward stroke volume, mL
(Fick) 58

Regurgitant stroke volume, mL 97
Ejection fraction (155 � 197) 0.79
Regurgitant fraction (97 � 155) 0.63
Pressures, mm Hg

Brachial artery 140/84, 
Left ventricle 140/14

Systolic mean 112
Systolic ejection period, sec/beat 0.28

Pulmonary capillary wedge, mean 12
V wave 24
Pulmonary artery 30/14, 
Right ventricle 30/6
Right atrium, mean 4

Pulmonary vascular resistance 143
Systemic vascular resistance, 2,071

dyn·sec·cm�5

Left ventriculography showed excellent and uniform
contraction of the left ventricle and a large regurgitant jet
into the left atrium, which was filled completely within
one beat. The mitral valve did not prolapse into the left
atrium. Coronary angiography revealed normal epicardial
vasculature, no irregularities or narrowings, and normal
runoff.

Interpretation. Mitral regurgitation was identified and
quantified. There were no other valvular lesions. Although
the left ventricular end-diastolic pressure and volume were
above normal, the left ventricle contracted uniformly and
vigorously, as judged by cineangiography. The ejection
fraction of 0.79 and the end-systolic volume were normal.

19

105
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The slight elevation of pulmonary vascular resistance was
mainly related to the low pulmonary blood flow (forward
cardiac output) of 3.9 L/minute (cardiac index � 2.0 L/
minute per m2).

Systemic vascular resistance was substantially increased,
perhaps representing excessive vasoconstriction in response
to the decreased forward cardiac output. The increased sys-
temic vascular resistance presented an augmented after-
load to the left ventricle, thereby worsening this patient’s
mitral regurgitation. Reduced systemic vascular resistance,
induced by vasodilator therapy with a converting-enzyme
inhibitor, an angiotensin receptor antagonist, an �-adren-
ergic blocker, or hydralazine would probably improve this
patient’s cardiac output and her symptoms of dyspnea on
exertion.

Case 5: Mitral Regurgitation with Degenerative
Etiology, Amenable to Percutaneous Repair. H.M., an
84-year-old woman with a long-standing history of chronic
obstructive pulmonary disease, was hospitalized 2 months
prior to diagnostic catheterization with worsening dyspnea
on exertion and orthopnea. Chest radiograph and com-
puted tomography (CT) scan both showed bilateral pleural
effusions. The brain natriuretic peptide (BNP) was elevated
at 605. No evidence for myocardial infarction was noted.

An echocardiogram demonstrated left ventricular sys-
tolic function at the lower limits of normal with an esti-
mated ejection fraction of 50%. There were no regional
wall motion abnormalities. There was mild concentric left
ventricular hypertrophy. The left atrium was moderately
enlarged. Doppler examination across the mitral valve
showed laterally and posteriorly directed mitral regurgitant
jets reaching all the way to the posterior left atrial wall.
Transesophageal echo exam showed moderate left atrial
enlargement and Doppler findings of a posterolateral
directed mitral regurgitant jet reaching in the left upper
pulmonary vein. Systolic flow reversal was noted in the
pulmonary vein. 

Her symptoms have been progressively worsening over
the last 6 months. At present, she cannot walk half a block
without stopping several times to catch her breath and is
incapable of ascending stairs. She is able to perform light
household chores. 

Coronary arteriography showed no significant coronary
disease in the left main, right coronary, or circumflex. A
60% stenosis proximal to the first diagonal is noted in the
left anterior descending, and 50 to 60% stenosis was noted
in the left anterior descending distal to the first diagonal.
An adenosine/thallium myocardial perfusion scan did not
reveal any evidence for ischemia. 

More detailed review of the transesophageal echo study
showed significant mitral valve prolapse with prominent
prolapse of the posterior leaflet and evidence of a small
flail segment. The regurgitant jet originated from the cen-
tral portion of the line of coaptation of the mitral leaflets,
despite its eccentric course over the leaflets into the left
atrium. It was felt that percutaneous mitral valve repair

would be a likely successful strategy for management of the
mitral regurgitation. 

A second procedure was planned 2 weeks following the
diagnostic study to perform percutaneous mitral leaflet
repair. Under general anesthesia, and using transesophageal
echocardiographic guidance, trans-septal puncture was per-
formed and hemodynamic assessments repeated, which
revealed the following:

Post MV 
Rest Repair

Body surface area, m2 1.71 1.71
Cardiac output, L/min 4.02 5.72
Heart rate, beats/min 91 83
Ejection fraction 65% 63%

Mitral regurgitation 4� 1�

Pressures, mm Hg
Aorta, sys/dias/mean 147/63/96 97/36/59
Left ventricle, sys/dias/ED 140/7/13 98/9/9
Left atrium, a/v/mean 7/11/7 14/13/9
Pulmonary artery, sys/ 59/21/36 55/22/33

dias/mean
Right atrium, mean 4 5

Pulmonary vascular resistance, 576 335
dyn·sec·cm�5

Systemic vascular resistance, 1,829 756 
dyn·sec·cm�5

Interpretation. A 24 French guide catheter was exchanged
for the Mullins sheath into the left atrium through the
echocardiographically guided trans-septal puncture site.
The guide catheter was positioned above the mitral valve.
An Evalve clip delivery system was used to place a mitral
repair clip into the left atrium. The clip was manipulated
into the center of the valve orifice, and the orientation of
the clip arms were adjusted to be perpendicular to the line
of mitral valve coaptation.

The clip arms were opened to about 180	 and advanced
across the mitral valve into the left ventricle. A quick with-
drawal of the clip device from the left ventricular cavity back
toward the left atrium resulted in grasping of the anterior
and posterior mitral leaflets. The gripping arms were low-
ered and the clip closed. The mitral regurgitation was
reassessed and noted to be dramatically attenuated. After fur-
ther evaluation, complete normalization of pulmonary vein
flow was seen using Doppler exam. The clip was released and
mitral regurgitation assessed finally with Doppler echocar-
diography and left ventriculography. Hemodynamic tracings
showing simultaneous left atrial and left ventricular pressures
are shown in Fig. 28.5B. Prerepair there is an elevated mean
LA pressure and a prominent v wave. It is notable that the v
wave height is not more than twice the mean LA wave height,
despite the clear presence of severe mitral regurgitation.

The 24 French trans-septal catheter was removed
using percutaneous suture closure, using a preclosure
approach with a 10 French suture close device (15,16).
The left femoral arterial and venous cannulae were
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removed using manual compression. After recovery from
general anesthesia, the patient was discharged on the
first postprocedure morning, with clearly dramatically
improved symptoms. 

A number of observations can be made regarding the
changes in hemodynamics before and after percutaneous
mitral valve repair.  Cardiac output has risen substantially.
Although this may reflect a diminished mitral regurgitant
volume and an increase in forward stroke volume, it is as
easily owing to shunting across the atrial septum from the
passage of a 24F catheter after trans-septal puncture, and
also possibly owing to diminished systemic resistance
associated with general anesthesia necessary for the proce-
dure. Note that the systemic vascular resistance has
declined from almost 2,000 dyn·sec·cm�5 to 750
dyn·sec·cm�5.  The ejection fraction has not changed sig-
nificantly. A decrease in EF may result from loss of the ret-
rograde afterload reduction that is eliminated by improve-
ment in the mitral regurgitation,  the degree of which has
diminished dramatically.  

AORTIC STENOSIS

Aortic stenosis may be valvular, subvalvular, or supravalvu-
lar. Valvular aortic stenosis is most often of the acquired cal-
cific type, which develops on the substrate of a congenitally
deformed (e.g., bicuspid) aortic valve. Valvular aortic steno-
sis also may be present from birth (congenital aortic steno-
sis) or may develop as a consequence of rheumatic fever.
Subaortic stenosis is of various types. Supravalvular stenosis
is rare. All types of aortic stenosis can result in a significant
systolic pressure difference between the left ventricle and the
aorta. In subaortic stenosis, the gradient is between the main
portion of the left ventricle and its outflow tract, although in
tunnel subaortic stenosis there may be no discrete subvalvu-
lar chamber. In supravalvular stenosis, the gradient is just
beyond the aortic valve, between the initial segment of the
proximal aorta (just beyond the aortic valve) and the main
segment of the ascending aorta. To facilitate surgical inter-
vention, it is important to identify the site and nature of the
obstruction in each instance. This is determined by both
hemodynamics and angiography. In addition, left ventricu-
lar function and the presence or absence of aortic and mitral
regurgitation should be evaluated. The left ventricle
becomes progressively hypertrophied in aortic stenosis.
The cardiac output is well maintained until the left ventricle
dilates and fails; it then becomes progressively reduced. The
following discussion will focus on valvular aortic stenosis in
the adult.

The cardinal indications for cardiac catheterization in
anticipation of surgery for all three types of aortic stenosis
are left ventricular failure, angina pectoris, or syncope.
Coronary angiography should be performed in essentially
all adults being studied for evaluation of hemodynami-
cally significant aortic stenosis.

Hemodynamic Assessment

In the hemodynamic assessment of valvular aortic stenosis,
primary importance should be placed on obtaining simul-
taneous measurement of pressure and flow across the aor-
tic valve. As discussed in Chapter 10, this permits calcula-
tion of the aortic orifice or valve area (AVA). In the typical
adult with symptomatic aortic stenosis, AVA is reduced to
�0.7 cm2. Occasionally, a valve of 0.8 to 0.9 cm2 results in
a symptomatic presentation, especially when there is con-
comitant coronary artery disease or hypertension or when
the absolute value of cardiac output is high (e.g., a large
patient, anemia, fever, or thyrotoxicosis). When AVA is
�0.5 cm2, severe aortic stenosis is present and cardiac
reserve is minimal or absent.

For the typical adult patient with acquired aortic stenosis,
correlation between clinical severity and aortic valve area
calculated by the Gorlin equation (see Chapter 10) is sum-
marized in Table 28.1. If other cardiac disease is present
(e.g., coronary disease, other valve disease, cardiomyopa-
thy), the correlations listed in Table 28.1 will not be applic-
able.

Most patients with aortic stenosis, particularly those
with the clinical presentation of angina and/or syncope,
have a normal cardiac output/index, normal right heart and
PCW mean pressures, and normal LV ejection fraction. The
LVEDP is usually increased, reflecting a stiff LV chamber,
and there is a prominent A wave in PCW, LA, and LV pres-
sure tracings (Fig. 28.6). In more advanced cases, LV ejec-
tion fraction and cardiac output are depressed, and right
heart and PCW mean pressures are elevated. Severe pul-
monary hypertension with right heart failure, ascites, and
edema may eventually dominate the picture. In these
patients, the low-output state may lead to a reduction in the
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CORRELATION BETWEEN CLINICAL SEVERITY
OF ACQUIRED AORTIC STENOSIS IN ADULTS
AND AORTIC VALVE AREA

TABLE 28.1

Aortic Valve Area Clinical Severity

�1.0 cm2 Mild: symptoms rare in absence 
of other heart disease 
(coronary disease, other 
valve lesions)

0.7 to 1.0 cm2 Moderate: symptoms with 
unusual stress, such as
vigorous exercise, rapid atrial
fibrillation, influenza

0.5 to 0.7 cm2 Moderately severe: symptoms 
with ordinary activities of
daily living

�0.5 cm2 Severe: symptoms at rest or 
minimal exertion, 
biventricular failure
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Figure 28.6 Pressure recordings in a patient with aortic stenosis. A. Left ventricular (LV) and cen-
tral aortic (Ao) pressures recorded simultaneously. B. LV and femoral arterial (FA) pressures. The FA
pressure is out of phase and exhibits distortion (a higher systolic peak and lower end-diastolic pres-
sure) characteristic of peripheral arterial pressures. (From Blitz LR,  Kolansky  DM, Hirshfeld JW Jr.
Valve function, stenosis and insufficiency. In Pepine CJ, Hill JA, Lambert CR, eds. Diagnostic and
Therapeutic Cardiac Catheterization, 3rd ed. Baltimore: Williams & Wilkins, 1998.)

intensity of the characteristic systolic murmur, obscuring
the diagnosis.

Carabello Sign

An interesting hemodynamic finding, described by
Carabello and coworkers (17), is a rise in arterial blood

pressure during left heart catheter pullback in patients with
severe aortic stenosis (Fig. 28.7). Catheter pullback (with-
drawal from the LV to the central aorta of a catheter that had
been placed in the LV by retrograde technique) showed
increases in peripheral arterial pressure of 5 mm Hg in 15
of 42 patients. Fifteen of 20 patients (75%) with AVA of 0.6
cm2 demonstrated this phenomenon, but none of 22

Figure 28.7 Left ventricular (LV) and femoral artery (FA) pressure tracings in a patient with severe
aortic stenosis (aortic valve area 0.4 cm2). During pullback of the retrograde catheter from LV to
ascending aorta, the peak systolic femoral artery pressure can be seen to increase (ΔP) by approxi-
mately 20 mm Hg. This sign is seen only in patients with aortic valve areas �0.6 cm2. The mechanism
of this phenomenon is believed to be partial obstruction of an already narrowed aortic orifice by the
retrograde catheter and relief of this obstruction with catheter withdrawal. (From Carabello BA,
et al. Changes in arterial pressure during left heart pullback in patients with aortic stenosis. Am J
Cardiol 1979;44:424.)



patients with AVA of 0.7 cm2 showed such an increase. It was
concluded that a rise in peak arterial pressure during LV
catheter withdrawal is an ancillary hemodynamic finding of
critical aortic stenosis (see Fig. 28.7). The mechanism of this
phenomenon is most likely related to partial obstruction of
an already narrowed aortic orifice by the retrograde catheter
and relief of this obstruction when the catheter is withdrawn.

Angiographic Assessment

In patients with aortic stenosis, left ventriculography can
yield important information, and we believe that it generally
should be part of the catheterization procedure. It must be
emphasized, however, that patients with LV failure and high
PCW pressures owing to aortic stenosis may not tolerate the
radiographic contrast load of left ventriculography. Adequate
preparation (e.g., intravenous furosemide, morphine, or oxy-
gen) before ventriculography and use of nonionic or low-
osmolality contrast agents are mandatory in such patients,
and ventriculography should not be done in such patients
without careful consideration of risk versus benefit. The
value to be obtained from left ventriculography includes
assessment of the mitral valve (is there significant mitral
regurgitation?), detection of regional wall motion abnormal-
ities or LV aneurysm indicative of major coronary disease,
and overall assessment of LV function. In addition, wall
thickness and LV mass may be measured from the ventriculo-
gram. Often this information can be obtained from echocar-
diography, and contrast left ventriculography can be avoided.

Aortography is generally not required in the patient
with aortic stenosis, unless the gradient is small and the
aortic pulse pressure is wide. Selective coronary arteriogra-
phy should be done in most patients with acquired calcific
aortic stenosis, especially if chest pain is present.

Catheterization Protocol

1. Right heart catheterization for measurement of right
heart pressures and cardiac output.

2. Left heart catheterization for measurement of pres-
sure gradient across aortic valve and LVEDP and assess-
ment of the presence or absence of a transmitral gradient
(concomitant mitral stenosis). Retrograde crossing of a
tight aortic valve may be difficult. From the brachial
approach, many operators have been successful in crossing
a tight aortic valve using a Sones catheter. The Cordis
polyurethane Sones catheter has high torque control and
tapers to a 5.5F tip, which often can be negotiated across a
stenotic aortic valve without the aid of a guidewire. A mul-
tipurpose catheter is more commonly used from the
brachial or radial approach. When a guidewire is required,
a 0.35-inch-diameter straight wire passes easily through
the catheter and can help in crossing the aortic valve.

With a femoral approach, a pigtail catheter together with
a straight guidewire protruded a short distance beyond the
catheter tip is a widely used first approach to retrograde

catheterization of the left ventricle in the patient with aortic
stenosis; this method is illustrated in Chapter 4. On occa-
sion, a right or left Judkins coronary catheter used together
with a straight guidewire is successful in crossing a tight aor-
tic valve in a patient with aortic stenosis. In one patient with
calcific aortic stenosis and a very eccentric aortic valve orifice
in whom all these approaches failed, a left L2 Amplatz
catheter with a straight guidewire was introduced success-
fully in retrograde catheterization of the left ventricle.

An improved catheter design for crossing stenosed aor-
tic valves has been developed by Feldman and coworkers
(18). Using this catheter (Cook, Inc., Feldman A1
catheter), the authors found that the median time to cross
the aortic valve retrograde was 30 to 40 seconds in a group
of 17 patients with a mean aortic valve area of 0.75 cm2.

If these approaches are not successful (or are not desir-
able in a particular patient), a trans-septal approach may
be used. In some laboratories, the trans-septal approach is
the primary technique for patients with aortic stenosis
(19). Retrograde crossing of the aortic valve results in clini-
cally silent cerebral embolic lesions in some patients (20).
The trans-septal approach presumably decreases this risk.

In patients with aortic stenosis, it is highly desirable to
measure transvalvular gradients as close as possible to the
site of obstruction. Thus, as seen in Fig. 28.6, the transaor-
tic gradient measured with a catheter in the left ventricle
and another catheter in the central aorta may differ from
that obtained when arterial pressure is measured in the
femoral artery. This problem is discussed in greater detail
in Chapter 10. Double-lumen pigtail catheters (e.g., Cook
Instruments) make it possible to measure left ventricular
and central aortic pressures with a single catheter, avoiding
the need for a separate arterial entry site. The central aortic
pressure may also be compared with the left ventricular
cavity pressure by passing a diagnostic catheter into the left
ventricle, and then placing a 0.014-inch pressure wire
(RADI Incorporated, Uppsala, Sweden) through the diag-
nostic catheter.  The diagnostic catheter may then be with-
drawn into the aortic root just above the valve, yielding
simultaneous measurement of the central aortic and left
ventricular pressures.  This method produces tracings of
sufficient quality to mimic high-fidelity micromanometer
pressure recordings (19).

Another potentially important source of error in pres-
sure measurement in patients with aortic stenosis can
result from incomplete entry of a multiple-side-hole
catheter into the left ventricular chamber. Figure 28.8 illus-
trates this problem, with a pigtail catheter partially (A) or
completely (B) within the left ventricular chamber. The
partial entry pressures lead to a gross underestimation of
the severity of the aortic stenosis.

3. Angiography following the guidelines just discussed.
Left ventriculography demonstrates the stenotic orifice

of the valve during systole as outlined by a jet of contrast
material ejected into the aorta. The valve cusps may appear
irregular, their mobility may be reduced, and often the
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number of cusps can be identified. In congenital aortic
stenosis, the valve may form a funnel during systole. The
ascending aorta is dilated (poststenotic dilatation), but the
subvalvular area is widely patent. A subaortic membrane,
with a small central orifice, or a subvalvular muscular ring
may be seen. The characteristic changes of idiopathic
hypertrophic subaortic stenosis may be observed. In
supravalvular stenosis, the narrowing of the proximal aorta
can be seen.

Aortography also can be helpful in evaluation of the
patient with aortic stenosis. In “pure” aortic stenosis (no
concomitant aortic regurgitation), aortography often
demonstrates a negative jet of radiolucent blood exiting
focally from the left ventricle. In congenital aortic stenosis,
there may be upward doming of the aortic valve leaflets,
which together with the central negative jet gives the so-
called Prussian helmet sign (Fig. 28.8). In the patient with
aortic stenosis who also has some aortic regurgitation, aor-

tography permits a rough quantitation of the severity of
the regurgitation. If interventional catheter techniques
(e.g., balloon aortic valvuloplasty) are under considera-
tion, determination of the extent of associated aortic regur-
gitation may become important in clinical decision making.

Hemodynamic assessment often can detect the presence
of mixed significant aortic stenosis and regurgitation, as
illustrated by the patient whose pressure tracings are
shown in Figure 28.9A. This 78-year-old man had the
unusual combination of hemodynamically significant aor-
tic stenosis (70 mm Hg gradient) and significant aortic
regurgitation (3�, regurgitant fraction 48%).

Case 6: Aortic Stenosis without Appreciable Cardio-
megaly. L.C. was a 48-year-old married woman with a his-
tory of rheumatic fever in childhood. Six months before
admission, she noted increasing exertional dyspnea and
decreased effort tolerance. She had had dizziness but no
syncope or angina.

Physical examination was normal except for the heart.
There was a forceful apex impulse in the midclavicular line
in the fifth interspace. Rhythm was regular. S1 and S2 were
normal. The only murmur was a grade 2/6 ejection-type
systolic murmur, maximal along the left sternal border and
transmitted to the apex and into the carotids. No thrill was
detected. The carotid pulsations exhibited a slow upstroke
but were of normal amplitude. The ECG revealed left ven-
tricular hypertrophy and strain. Chest radiographs showed
a heart of normal overall size. There was a little rounding
in the region of the left ventricle. The other cardiac cham-
bers appeared normal, as did the lungs. At fluoroscopy,
there was calcification in the region of the aortic valve.

The findings at cardiac catheterization were as follows: 

Body surface area, m2 1.87
O2 consumption, mL/min 225
A-V O2 difference, mL/L 40
Cardiac output, L/min 5.6
Heart rate, beats/min 70
Pressures, mm Hg

Brachial artery 100/66
Systolic mean 84

Left ventricle 176/16
Systolic mean 140
Systolic ejection period, 0.35

sec/beat
Pulmonary capillary wedge, mean 10
Pulmonary artery 25/11, 
Right ventricle 25/5
Right atrium, mean 5

Pulmonary vascular resistance, 72
dyn·sec·cm�5

Calculated aortic valve area, cm2 0.7
Ejection fraction 0.69

Left ventriculography showed a vigorously contracting
normal-sized left ventricle and a calcified aortic valve with
three cusps. The valve leaflets were almost immobile. A jet

15
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Figure 28.8 Pressure recordings in a patient with aortic stenosis
(A), illustrating the artifacts that can result when a multiple-side-
hole pigtail catheter is incompletely advanced into the left ventric-
ular chamber (B). See text for details. (From Blitz LR,  Kolansky
DM, Hirshfeld JW Jr. Valve function, stenosis and insufficiency. In
Pepine CJ, Hill JA, Lambert CR, eds. Diagnostic and Therapeutic
Cardiac Catheterization, 3rd ed. Baltimore: Williams and Wilkins,
1998.)
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Figure 28.9 A. Left ventricular (LV) and femoral artery (FA) pressure tracings in a 78-year-old man with increasing dyspnea on exertion and one
episode of pulmonary edema. In this case, femoral artery and central aortic pressures were nearly superimposable. There is a 70-mm Hg peak-to-
peak systolic gradient, but there is also unusually rapid aortic diastolic runoff with equilibration (diastasis) of end-diastolic LV and FA pressures.
This latter finding suggested significant aortic regurgitation, which was confirmed by aortography. B. Simultaneous recordings of LV and aortic
(Ao) pressures.  The prevalvuloplasty transaortic valve pressure gradient is shaded in black (left). After valvuloplasty, there is a marked reduction
in the transvalvular gradient (right).  It is notable that the left ventricular peak systolic pressure has decreased and the aortic peak systolic pres-
sure has increased as a function of the relief of valve stenosis. C. Percutaneous heart valve prosthesis for the aortic valve position (Edwards
Lifesciences,  Irvine, California). Equine pericardial leaflet tissue has been mounted in a specially designed stainless steel stent. The stent is robust,
with thick struts and reinforcement at the commissural lines.



was seen passing through the valve that almost immedi-
ately became obscured by the radiopacity of the aorta.
There was a rather discrete poststenotic dilation of the
ascending aorta just above the aortic valve.

Interpretation. The moderately severe calcific aortic
stenosis in this woman was probably rheumatic in origin.
The left ventricle contracted well, as indicated by an ejec-
tion fraction of 0.69 and a normal cardiac output. The ele-
vated LVEDP at rest was compatible with a decreased
chamber distensibility from hypertrophy.

Case 7: Aortic Stenosis with Appreciable Cardio-
megaly. A.H., a 77-year-old man, was well until 3 years
before admission, when exertional dyspnea, orthopnea,
fatigue, and peripheral edema appeared. Despite therapy,
these symptoms increased progressively to the point of
invalidism. He had mild angina and had had two syncopal
episodes.

On physical examination, the blood pressure was
110/80 mm Hg; the pulse was 78 beats per minute and reg-
ular; respirations were 24 per minute. The carotids were of
small volume with slow upstroke. Neck veins were moder-
ately distended. There were basilar rales audible over both
lungs. The point of maximal impulse was in the sixth inter-
space 2 cm within the anterior axillary line, diffuse and
forceful. There was no parasternal heave. A grade 2/6 aortic
systolic ejection murmur was heard all along the left ster-
nal border and over both carotid arteries. The liver was two
palpable fingerbreadths below the right costal margin.
There was slight pitting edema of both lower legs. The ECG
showed left ventricular hypertrophy and strain pattern.
Chest roentgenogram showed enlargement of the left ven-
tricle, calcification in the region of the aortic valve, moder-
ate redistribution of vascular markings to the upper lobes of
the lungs, and a small amount of pleural fluid on the right.

Cardiac catheterization yielded the following results:

Body surface area, m2 1.76
O2 consumption, mL/min 218
A-V O2 difference, mL/L 81
Cardiac output, L/min 2.7
Heart rate, beats/min 90
Pressures, mm Hg

Brachial artery 135/78
Systolic mean 100

Left ventricle 184/35
Systolic mean 140
Systolic ejection period, 0.27

sec/beat
Pulmonary capillary wedge, mean 29
Pulmonary artery 75/40, 
Right ventricle 75/12
Right atrium, mean 10

Pulmonary vascular resistance, 683
dyn·sec·cm�5

Aortic valve area, cm2 0.4
Ejection fraction 0.30

52

Left ventriculography was performed only after pretreat-
ment with intravenous furosemide and showed a large
dilated left ventricle with uniformly poor contractions in sys-
tole. There was no mitral or aortic regurgitation. The aortic
valve had two leaflets that appeared ragged and were heavily
calcified. There was considerable dilation of the ascending
aorta. Left ventriculography was tolerated well, and coronary
angiography (two injections of the left coronary artery and
one injection of the right coronary artery) revealed the
absence of significant coronary artery obstruction.

Interpretation. There was severe calcific aortic stenosis, as
indicated by a calculated valve area of 0.4 cm2. Severe left
ventricular failure was present, as indicated by left ventricu-
lar dilatation, high left ventricular end-diastolic pressure 
(35 mm Hg), uniformly poor contraction by cineangiogra-
phy, an ejection fraction of only 0.30, and a very low cardiac
output. The aortic obstruction was severe, and the left ventri-
cle was so decompensated that it generated a peak systolic
pressure of only 184 mm Hg (instead of 250 to 300 mm Hg,
as would be expected with a normal cardiac output), and the
mean transaortic pressure gradient was only 40 mm Hg.

The pulmonary capillary wedge pressure of 29 mm Hg
explained the rales heard at both lung bases as well as the
patient’s shortness of breath. The pulmonary hypertension
was owing in part to the elevated left ventricular diastolic
pressure (passive rise) and in part to reactive pulmonary
hypertension, as revealed by the finding of a pulmonary
vascular resistance of 683 dyn·sec·cm�5, more than five
times normal.

The pressure load on the right ventricle resulted in its
decompensation, as indicated by a mild elevation of the
right ventricular diastolic and right atrial pressures. The
clinical counterpart was slight distension of the neck veins,
an enlarged liver, and peripheral edema.

Case 8: Symptomatic Aortic Stenosis in a Poor
Candidate for Aortic Valve Replacement. FH, an 87-year-
old man with a history of coronary artery disease and prior
bypass surgery, was admitted to the hospital with worsen-
ing heart failure and aortic stenosis. He had undergone
coronary bypass graft surgery 6 years prior to admission
and was not noted to have aortic stenosis at the time. 

Over the past year, he has had increasingly frequent admis-
sions for congestive heart failure. His clinical picture is com-
plicated by chronic obstructive pulmonary disease requiring
home oxygen and chronic renal failure with a creatinine that
has been stable for over 6 months at a level of 2.6 mg/dL.

Echocardiographic examination demonstrated a poor
left ventricle with an estimated ejection fraction of 35%
and an estimated aortic valve area of 0.7 cm2, with a mean
gradient of 27 mm Hg. In addition to heart failure, he
complains of postprandial chest pain that responds to sub-
lingual nitroglycerin, usually after breakfast and occurring
a few times each week.

Diagnostic catheterization demonstrated a patent left
mammary graft to the LAD, but no other angiographic
images were obtained to conserve contrast. The aortic valve
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area was estimated to be 0.8 cm2 with a 30-mm transaortic
valve mean pressure gradient. He was referred for evalua-
tion for aortic valvuloplasty owing to his high risk for reop-
eration in the face of multiple comorbidities. 

After bilateral local femoral anesthesia, a 6 French
sheath was placed in the right femoral artery. Iliofemoral
angiography was performed on the right side and demon-
strated moderate diffuse disease in the femoral artery, but
adequate for insertion of an 11 French sheath for retro-
grade valvuloplasty. Right femoral 8 French venous access
was obtained as well. A balloon-tipped catheter was used
for right heart pressure measurement and cardiac output.
The aortic valve was crossed with a 5F aortic stenosis
catheter (Cook, Inc., Bloomington, IN) and a straight mov-
able core guidewire (18). The central aortic and femoral
arterial sheath pressures were verified to match and
recorded.

After initial catheterization, the following hemody-
namic values were obtained:

Rest Post BAV
Body surface area, m2 2.09
Cardiac output, L/min 5.59 5.63
Heart rate, beats/min 79 88
Pressures, mm Hg

Aorta, sys/dias/mean 211/95/140 207/95/136
Left ventricle, sys/dias/ED 264/11/28 214/16/22
Left atrium, a/v/mean 32/15/21
Pulmonary artery, sys/dias/ 45/29/35 46/32/36

mean
Right atrium, mean 16 14
Transaortic valve gradient, 46 18

mean
Aortic valve area, cm2 0.8 1.3
Systemic vascular resistance, 1,731 1,903

dyn·sec·cm�5

After pressure measurements were made, a 260-cm extra-
stiff guidewire was exchanged through the 5F catheter into
the left ventricle and the catheter removed. A 20-mm-diam-
eter by 6-cm-long balloon was passed retrograde across the
aortic valve and inflated three times. The balloon never
locked into the valve, but “watermelon seeded” back and
forth, indicating that it was not sized adequately to achieve
expansion of the aortic valve leaflets. Since the femoral arte-
rial disease precluded insertion of a 14 French arterial
sheath for a larger retrograde balloon, the procedure was
converted to an antegrade valvuloplasty approach. 

The right femoral venous access was upsized to 14F, and
trans-septal puncture performed using a standard Mullins
sheath and trans-septal needle. A 7 French single-lumen
balloon catheter was passed through the Mullins sheath
into the left atrium and then into the left ventricle. The bal-
loon catheter was then passed antegrade across the stenotic
aortic valve into the arch and then into the descending
aorta. A 0.032-inch stiff guidewire was passed through the
balloon-tipped catheter and snared with a 10-mm goose-

neck snare from the left femoral artery in the descending
aorta. The snare and wire were left in the descending aorta.
The Mullins sheath was removed, and a 14 French rigid
dilator passed across the atrial septum and removed. An
Inoue 26-mm-diameter balloon catheter was passed via
the left atrium and positioned in the aortic valve. The bal-
loon was inflated first to 24 mm and then to 26 mm diam-
eter to accomplish aortic valve dilatation. The hemody-
namic measurements were repeated (Fig. 28.9B). The
catheters were ultimately removed and the femoral sheaths
removed using preplaced suture closure. 

Interpretation. The hemodynamic results of balloon
valvuloplasty are illustrated in Fig. 28.9B.  The mean trans-
valvular pressure gradient has been reduced from 46 mm
to 18 mm. It is important to note that the peak left ventric-
ular systolic pressure has declined, and the peak aortic sys-
tolic pressure has risen with relief of aortic valve obstruc-
tion. The rise in peak aortic systolic pressure is an excellent
indicator of the hemodynamic success of balloon valvulo-
plasty. It is also notable that the aortic diastolic pressure
has not decreased following dilatation of the valve, indicat-
ing that if aortic regurgitation has been caused, it is not
hemodynamically important.  Similarly, the left ventricular
end-diastolic pressure has declined from nearly 30 mm Hg
to 22 mm Hg, indicating relief of obstruction with acute
improvement in the filling pressures.

An emerging approach that would also be suitable for a
patient like this, with advanced age, prior sternotomy, and
multiple comorbid factors causing increased surgical risk,
would be percutaneous aortic valve replacement (21,22).
Stent-mounted pericardial tissue valves are in development
for percutaneous delivery into the aortic valve (Fig. 28.9C).
After obtaining either antegrade or retrograde access, bal-
loon valvuloplasty is performed to predilate the valve.
Using a large-caliber sheath for delivery, the stent-mounted
prosthetic (percutaneous heart valve, PHV) is crimped on a
noncompliant 23-mm balloon catheter and delivered into
the aortic valve. Right ventricular pacing at 200 to 220
beats per minute is used to effectively stop left ventricular
ejection so that the prosthesis may be positioned carefully
in the aortic annulus. The balloon is inflated, expanding
the stent. Aortography is used to document free flow into
the coronary arteries, since coronary obstruction is one of
the greatest risks of placing a prosthesis in the aortic annu-
lus in this manner. Initial experience with this approach
shows excellent hemodynamic results with no residual
transaortic valve pressure gradients and valve areas typi-
cally about 1.7 cm2. Further trials will be necessary to
demonstrate the appropriate target population, and,
importantly, the durability of these prostheses over time.

AORTIC REGURGITATION

The dynamic effects of aortic regurgitation are caused by
regurgitation of blood from the aorta to the left ventricle in
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diastole. The magnitude of the regurgitation depends on the
size of the regurgitant orifice, the pressure difference
between the aorta and the left ventricle in diastole, and the
duration of diastole. The regurgitant aperture may be as
large as 1.0 cm2, but regurgitation is generally severe when
the aperture is �0.5 cm2. The total left ventricular stroke vol-
ume increases and equals that which supplies the body (for-
ward flow) plus that which is regurgitated. The amount of
blood regurgitated may be as much as 60% of the systolic
discharge. The regurgitation usually occurs in early diastole.

Hemodynamic Assessment

The large stroke volume entering the aorta with systole
produces an elevated systolic pressure, whereas the regurgi-
tation produces a lowered aortic diastolic pressure
(Fig. 28.10). Left ventricular workload increases progres-
sively with the magnitude of regurgitation. This is owing
not only to the raised stroke volume and to the rise of sys-
tolic pressure but also to the  high left ventricular wall
stress that  develops when a dilated left ventricle contracts
to produce a given pressure (Laplace’s law). Dilatation and
hypertrophy of the left ventricle are invariable conse-
quences of aortic regurgitation. The heart may become the
largest encountered in cardiac pathology—the so-called
cor bovinum. Up to a point, the forward cardiac output is
well maintained. The addition of blood regurgitated to the
normal inflow from the left atrium increases the diastolic
volume of the left ventricle, leading to a more forceful con-
traction (Starling’s law). With time, the fraction of end-
diastolic volume ejected per beat (ejection fraction)
becomes diminished, reflecting impaired myocardial func-
tion. Furthermore, the left ventricle may operate with an
excessive end-systolic volume—another index of left ven-
tricular dysfunction.

Premature Mitral Valve Closure

The reflux of blood from the aorta into the left ventricle in
diastole added to the blood streaming through the mitral
valve from the left atrium results in a rapid rise in left ven-
tricular pressure early in diastole. The mitral valve may
close prematurely because the regurgitating blood may
raise the left ventricular diastolic pressure to exceed that in
the left atrium. This is particularly common in acute aortic
regurgitation, where the sudden onset of severe regurgita-
tion into a normal-sized left ventricle leads to striking ele-
vations in LV diastolic pressure (Fig. 28.11). In the case
illustrated in Fig. 28.11, LVEDP approaches 50 mm Hg,
and LV diastolic pressure exceeds left atrial (or wedge)
pressure for nearly half of diastole. This reversal of pres-
sures is associated with premature mitral valve closure,
which may be seen on the echocardiogram.

Another example of premature closure of the mitral valve
in association with severe aortic regurgitation is shown in
Fig. 28.12. These tracings were recorded during cardiac
catheterization of a 71-year-old man who had previously
undergone aortic valve replacement for aortic stenosis. After
doing extremely well for more than 5 years, he suddenly
developed marked shortness of breath and a new murmur
of aortic regurgitation. Pressure recordings (see Fig. 28.12)
show that left ventricular diastolic pressure exceeds left atrial
(pulmonary capillary wedge pressure) by the end of the first
third of the diastolic filling period. Also, complete diastasis
of aortic and left ventricular pressures occurs by mid-dias-
tole, at which point aortic regurgitation ceases because there
is no longer any gradient driving the regurgitant flow. As
expected, this patient’s diastolic murmur was blowing in
quality, decrescendo, and ended by mid-diastole.
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Figure 28.10 Left ventricular (LV) and aortic (Ao) pressure trac-
ings in a patient with severe aortic insufficiency secondary to
rheumatic heart disease. In this condition, the aortic and left ven-
tricular pressures may equalize in late diastole, a phenomenon
occasionally termed diastasis.

Figure 28.11 Left ventricular (LV) and pulmonary capillary
wedge (PCW) pressures in a patient with acute aortic regurgitation
owing to infective endocarditis. Note the unusual waveform of the
LV pressure with its striking late diastolic rise, loss of clear a wave,
and high elevation of LV end-diastolic pressure (approximately 45
to 50 mm Hg). LV diastolic pressure rises in late diastole to exceed
left atrial and pulmonary wedge pressures (arrow), forcing prema-
ture closure of the mitral valve. (From Mann T, et al. Assessing the
hemodynamic severity of acute aortic regurgitation due to infec-
tive endocarditis. N Engl J Med 1975;293:108.)



Acute Versus Chronic Aortic Regurgitation

The typical hemodynamic findings in acute versus chronic
aortic regurgitation have been reported by Mann et al. (23)
and are presented in Table 28.2. As can be seen, widened
pulse pressure is characteristic only of chronic aortic regur-
gitation, reflecting both the enormous stroke volume asso-
ciated with this condition and the tachycardia commonly
seen in patients with acute aortic regurgitation. This may
give rise to a situation in which there exists a high end-
diastolic pressure in the noncompliant left ventricle in the
presence of little if any elevation of the mean pressure in
the left atrium. With time and with the severity of the leak,
the mean diastolic pressure of the left ventricle rises, and

when this happens, left atrial and pulmonary capillary
wedge pressures rise.

Another hemodynamic finding in aortic regurgitation is
the amplification of peak systolic pressure in peripheral
arteries (especially the femoral and popliteal) so that peak
systolic femoral artery pressure may exceed central aortic
pressure by 20 to 50 mm Hg. This is essentially an exagger-
ation of a normal phenomenon (see Chapter 7) but
emphasizes the importance of central aortic pressure mea-
surement in aortic regurgitation.

Angiographic Assessment

Aortic cineangiography (aortography) yields a graphic
demonstration of the severity and dynamics of the regurgita-
tion. Qualitative assessment is subjective, as for mitral regur-
gitation. A scale of 1� to 4� may be used, using the follow-
ing definitions to aid discrimination of these four degrees of
regurgitation. In 1� regurgitation (mild), a small amount of
contrast material enters the left ventricle in diastole; it is
essentially cleared with each beat and never fills the ventric-
ular chamber. More contrast material enters with each dias-
tole in 2� (moderate) regurgitation, and faint opacification
of the entire chamber occurs. With moderately severe (3�)
regurgitation, the LV chamber is well opacified and equal in
density with the ascending aorta. Severe (4�) aortic regurgi-
tation is characterized by complete, dense opacification of
the LV chamber in one beat, and the left ventricle appears
more densely opacified than the ascending aorta.

Quantitative assessment of aortic regurgitation involves
calculation of the regurgitant fraction (RF), as described in
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Figure 28.12 Severe aortic regurgitation developing in a
71-year-old man with a prosthetic aortic valve. There is diastasis
between left ventricle (LV) and aorta. Also, LV diastolic pressure
exceeds pulmonary capillary wedge (PCW) pressure early in dias-
tole. FA, femoral artery. See text for details.

COMPARISON OF HEMODYNAMIC AND ANGIOGRAPHIC FINDINGS IN ACUTE AND CHRONIC
AORTIC REGURGITATION (MEAN � SD)

TABLE 28.2

Parameter Acute AR Chronic AR P Value

Age (yr) 33  14 40  15 NS
Regurgitant fraction 0.6  0.1 0.7  0.1 NS
LVEDP (mm Hg) 41  12 36  13 NS
Ejection fraction 0.6  0.1 0.6  0.1 NS
Heart rate (bpm) 108  15 71  14 �0.01
LV volumes (mL/m2)

EDV 146  28 264  64 �0.01
ESV 57  23 101  42 �0.02
TSV 89  22 163  57 �0.01

Aortic pressure (mm Hg)
Systolic 110  14 155  26 �0.01
Diastolic 56  11 50  6 NS
Mean 78  12 90  8 �0.02

Pulse pressure (mm Hg) 55  7 105  22 �0.01
Systemic vascular resistance 1326  372 1341  461 NS

(dyn·sec·cm�5)

EDV, ESV, and TSV, left ventricular end-diastolic, end-systolic and total stroke volumes, respectively; AR, aortic
regurgitation; LVEDP, left ventricular end-diastolic pressure; NS, not significant.
Modified from Mann JT, et al. Assessing the hemodynamic severity of acute aortic regurgitation due to infective endo-
carditis. N Engl J Med 1975;293:108.



Chapter 16. The same scale of interpretation holds as for
mitral regurgitation with RF �20% corresponding to mild
regurgitation; 20 to 40%, moderate; 40 to 60%, moder-
ately severe; and �60%, severe aortic regurgitation.

Part of the angiographic assessment of aortic regurgita-
tion involves assessment of the aortic valve leaflets (mobil-
ity, calcification, number of leaflets), the ascending aorta
(extent and type of dilatation), and possible associated
abnormalities (e.g., coronary lesions, sinus of Valsalva
aneurysm, dissecting aneurysm of the aorta, and ventricu-
lar septal defect). All these aspects are best evaluated in the
LAO view.

Catheterization Protocol

1. Right heart catheterization for measurement of right
heart pressures and cardiac output.

2. Left heart catheterization for measurement of central
aortic pulse pressure and LVEDP detection of trans-
valvular gradients (if any), of diastasis between LV and
aorta, if this is present (see Fig. 28.12), and of relative
height of LVEDP compared with PCW or LA mean pres-
sure.

3. Angiography, including left ventriculography, aortogra-
phy, and possibly coronary angiography (if indicated
clinically).

4. If resting hemodynamics are normal, consider stress
intervention, such as dynamic exercise.

TRICUSPID REGURGITATION

Tricuspid regurgitation can be functional or organic.
Functional tricuspid regurgitation is thought to be owing
to right ventricular dilatation and failure as a result of
excessive right ventricular afterload. Most commonly, this
is caused by pulmonary hypertension from mitral stenosis,
cardiomyopathy, primary pulmonary hypertension, cor
pulmonale, or pulmonary embolism.

Organic tricuspid regurgitation implies disease of the tri-
cuspid valve or its supporting apparatus and is seen most
commonly with bacterial endocarditis, rheumatic heart
disease or right ventricular infarction.

Hemodynamic Assessment

In tricuspid regurgitation, either organic or functional, the
primary hemodynamic finding is a large systolic wave in
the right atrial pressure tracing. Tracings of jugular venous
pulsations  show a, c, and v waves in the normal subject; in
the patient with moderate tricuspid regurgitation, there is a
fourth pulsation, the s wave. This systolic wave precedes
and blends with the normal venous filling (v) wave, and in
severe tricuspid regurgitation, the s and v waves form a sin-
gle regurgitant systolic wave (Fig. 28.13). As can be seen in
Fig. 28.13, the right atrial pressure tracing in severe tricus-

pid regurgitation resembles the right ventricular pressure
tracing. In the most extreme cases, the right atrial and ven-
tricular pressure tracings are virtually superimposable,
which is to be expected because the right atrium and ven-
tricle are physiologically a common chamber in such cases.

The hemodynamic distinction between organic and
functional tricuspid regurgitation is difficult. Generally, if
the patient with severe tricuspid regurgitation has a right
ventricular systolic pressure �60 mm Hg, the tricuspid
regurgitation is functional, whereas if the right ventricular
systolic pressure is 40 mm Hg, there is a substantial organic
component. This distinction is of practical importance in
terms of surgical correction, because functional tricuspid
regurgitation will improve substantially solely with correc-
tion of the right ventricular hypertension (e.g., following
balloon valvuloplasty or corrective surgery for mitral
stenosis), whereas the patient with major organic tricuspid
regurgitation may not survive cardiac surgery unless the
operation includes tricuspid valve replacement or tricuspid
annuloplasty.

Angiographic Assessment

The angiographic demonstration of tricuspid regurgitation
is generally accomplished by right ventricular cineangiogra-
phy in the right anterior oblique (RAO) projection, as dis-
cussed in Chapter 12. Some artificial tricuspid regurgitation
is seen because of the presence of the catheter across the tri-
cuspid valve, but this is usually minor. It is important to
choose a catheter type, position, and injection rate that will
avoid extrasystoles because a run of ventricular tachycardia
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Figure 28.13 Right atrial (RA) and right ventricular (RV) pres-
sures in a 75-year-old woman with rheumatic heart disease. There
is severe organic tricuspid regurgitation with RA waveform resem-
bling RV pressure.



makes it impossible to evaluate the degree of tricuspid
regurgitation; these considerations are discussed in
Chapter 14. There has been much experience with the
Grollman, pigtail, and Eppendorf catheters situated in
mid-RV or RV outflow tract, with injection rates of 12 to
18 mL/second depending on RV size and irritability. A
scale of 1� to 4� is used to grade severity of tricuspid
regurgitation using criteria of definition similar to those
described for mitral regurgitation. In some circumstances,
a right atrial cineangiogram in RAO projection can be used
for assessment of tricuspid regurgitation; in this instance, a
negative jet (unopacified blood) from RV to RA shows the
regurgitation.

Cardiac catheterization protocol depends on the associ-
ated conditions.

TRICUSPID STENOSIS

Previously, this rare condition was seen only in patients
with rheumatic heart disease and mitral stenosis. Today,
however, stenosis of a prosthetic tricuspid valve (placed
originally as treatment for tricuspid regurgitation) accounts
for most of the cases seen in most major medical centers.
The clinical diagnosis may be difficult, especially if the
patient is in atrial fibrillation. Diagnosis is aided by the
characteristic finding of an increased jugular venous pres-
sure with blunting or absence of the y descent. One patient
seen by me had severe stenosis of her native mitral, aortic,
and tricuspid valves. This was a 43-year-old woman with a
history of repeated bouts of rheumatic fever in childhood,
whose major complaint was fatigue and “blackouts.”

Hemodynamic Assessment

The sine qua non of tricuspid stenosis is a pandiastolic gra-
dient across the tricuspid valve. The gradient is usually
small (4 to 8 mm Hg) and may be missed unless a careful
assessment is made. Two catheters (or a single catheter
with a double lumen) and simultaneous measurement of
RA and RV pressures should be used if there is any doubt
about the presence of this condition. A careful RV to RA
pullback using a standard catheter, however, will serve to
confirm or eliminate this diagnosis with reliability in most
cases. The tricuspid valve area is calculated using the for-
mula given in Chapter 10. Tricuspid stenosis is usually of
clinical and hemodynamic significance when the tricuspid
valve area is less than 1.3 cm2.

Angiographic Assessment

The valve is usually calcified and shows decreased mobility.
There may be associated right atrial dilatation and some
tricuspid regurgitation.

Cardiac catheterization protocol depends on associated
lesions.

PULMONIC STENOSIS AND
REGURGITATION

Pulmonic stenosis is essentially a congenital condition.
Pulmonic regurgitation is usually functional and a conse-
quence of severe pulmonary hypertension. When the pul-
monary artery pressure exceeds 100 mm Hg systolic, there is
usually some pulmonic regurgitation. This may lead to
widening of the pulmonary artery pulse pressure and an
increase in right ventriclular end-diastolic pressure (RVEDP).
Angiographic assessment of pulmonic regurgitation is diffi-
cult because the angiographic catheter lying across the pul-
monic valve may cause artifactual regurgitation. Echo-
cardiography is far superior to angiography in assessing
pulmonic regurgitation.

Cardiac catheterization protocol depends on associated
conditions.

RELATIVE STENOSIS OF 
PROSTHETIC VALVES

An unusual case of relative tricuspid stenosis, mitral steno-
sis, and aortic stenosis in a 60-year-old man is shown in
Fig. 28.14 and illustrates an important point concerning
function of prosthetic cardiac valves. This man had mitral
valve replacement with a Harken disc valve in 1969 for
rheumatic mitral regurgitation. He then did well until
1980, when he presented with left and right heart failure
and was found at cardiac catheterization to have severe
aortic and tricuspid regurgitation but normal function of
the mitral prosthetic valve. Aortic valve replacement (Starr-
Edwards prosthesis) and tricuspid valve replacement
(porcine prosthesis) led to improvement, but over the fol-
lowing years he required large amounts of diuretic therapy
to remain free of edema and pulmonary congestion.
Echocardiographic assessment of his prosthetic valves
demonstrated apparently normal function, and left ven-
tricular contraction was vigorous.

Because of persistent left and right heart failure, cardiac
catheterization was undertaken in 1985. The porcine tri-
cuspid valve was crossed antegrade with a Swan-Ganz
catheter, and the Starr-Edwards aortic prosthesis was
crossed retrograde with a Sones catheter to obtain the pres-
sure measurements shown in Fig. 28.14. As can be seen,
significant pressure gradients were present across tricuspid,
mitral, and aortic prostheses. A surprising finding, how-
ever, was an elevated cardiac output, measured by both
Fick and thermodilution methods. Oxygen consumption
index was 148 mL/minute per m2 and arteriovenous oxy-
gen difference was 29 mL O2/L, giving a Fick cardiac index
of 5 L/minute per m2 and a cardiac output of 10 L/minute.
Using the Gorlin formula (Chapter 10), the calculated aor-
tic valve area was 1.3 cm2, the mitral valve area was
1.6 cm2, and the tricuspid valve area was 2.4 cm2; these val-
ues were all consistent with the known effective orifice
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areas of the particular prosthetic valves implanted and did
not signify prosthetic valve dysfunction or stenosis. Thus, a
high cardiac output state caused substantial pressure gradi-
ents to occur across the patient’s three prosthetic valves,
resulting in the clinical picture of biventricular failure.
Thyroid function tests were normal, and a search for other
causes of high-output state (e.g., arteriovenous fistula,
Paget disease) was unrevealing. This patient responded
nicely to thiamine supplementation, beta-blockade, and
diuretic therapy with spironolactone and furosemide; evi-
dence of high-output state receded and a vigorous diuresis
ensued.

Catheter Passage Across Prosthetic Valves

As illustrated in the case just described, it has become rou-
tine to cross prosthetic valves with catheters in an attempt
to assess their function or the function of other valves.
Published reports have documented the safety of this pro-
cedure in many patients (24,25) with a variety of pros-
thetic valves. Based on our own experience and anecdotal
experience reported to me by many others, we offer the fol-
lowing guidelines: First, porcine valves may be crossed ret-
rograde or antegrade safely with a variety of catheters. For
retrograde crossing of a porcine prosthetic valve in the aor-
tic position, a pigtail catheter is generally highly effective.
The pigtail catheter tip is rested on top of the valve’s leaflets
as they protrude into the aorta high above the sewing ring
and is gently advanced until it prolapses into the left ven-
tricular chamber. Antegrade crossing of a porcine tricuspid
prosthesis is accomplished easily using a balloon-flotation
catheter, as described in the preceding section. Retrograde
crossing of a ball-valve (e.g., Starr-Edwards) prosthesis in

the aortic position may be accomplished easily using a 7F
or 8F Sones catheter with or without guidewire assistance.
The pigtail catheter also may be advanced into the left ven-
tricle over a guidewire across a ball-valve prosthesis, but
the wire should be reinserted for catheter withdrawal to
avoid hooking the pigtail on the metal cage. Although
some operators have crossed low-profile tilting-disc valve
prostheses (e.g., Bjork-Shiley, St. Jude, Medtronic-Hall
valve) retrograde without complications, instances where
catheter entrapment occurred with retrograde crossing of
such valves have been reported (26). Also, Dr. Viking Bjork
has stated specifically that the Bjork-Shiley valve must not
be crossed retrograde, based on his own large experience.
When restudy has been required in his patients, a trans-
septal approach has been used. Accordingly, one should
not attempt to cross a Bjork-Shiley valve or any low-profile
disc valve prosthesis retrograde.
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29Profiles in Coronary

Artery Disease
Jeffrey J. Popma Judith L. Meadows

Atherosclerotic coronary artery disease (CAD) remains the
most frequent cause of death in men and women in devel-
oped countries. Although it is well recognized that coro-
nary atherosclerosis begins in one’s late teens and early
twenties (1), the clinical presentation of CAD may be
delayed by decades and may be quite heterogeneous in its
initial manifestation. The initial signs and symptoms of
CAD may range from effort angina due to ischemia evident
only  caused by one or more fixed coronary stenoses, silent
ischemia evident only on stress testing, or an acute coronary
syndrome resulting from sudden plaque rupture of one or
more previously hemodynamically insignificant coronary
narrowings (2). Each atherosclerotic stenosis also has
unique characteristics (such as calcification, total occlu-
sion, or branch involvement) that may lead to technical
challenges for revascularization using either coronary
artery bypass surgery (CABG) or percutaneous intervention
(PCI). The purpose of this chapter is to review several clin-
ical profiles in patients with ischemic CAD and to relate
these profiles to the strategies recommended for coronary
arteriography and revascularization based on the current
literature and published guidelines.

STABLE CORONARY ARTERY DISEASE

Case 1. A 45-year-old man, a former professional marathon
runner, developed typical substernal chest discomfort 4
miles into his daily run. His chest pressure was relieved
with slowing of his pace or with walking, and never devel-
oped at rest. Coronary risk factors included elevated total
cholesterol and LDL-C levels (LDL-cholesterol, 150
mg/dL), a low HDL-C level (30 mg/dL), and normal
serum triglycerides (140 mg/dL). His father developed a

myocardial infarction (MI) at age 50. There was no his-
tory of hypertension or diabetes mellitus. An exercise
stress electrocardiogram demonstrated anterior wall
ischemia (Fig. 29.1) and sestamibi scintigraphy showed a
small to moderate-size anterior wall defect at a high
workload (Fig. 29.2). Cardiac catheterization was per-
formed and demonstrated two-vessel CAD involving the
left anterior descending (LAD) artery and right coronary
artery (RCA) vessels (Fig. 29.3). The left ventricular func-
tion was normal. Both the left anterior LAD and RCA ves-
sels were treated with coronary stents. The patient has
subsequently remained asymptomatic with a normal
exercise capacity. 

Indications for Coronary Arteriography
and Percutaneous Revascularization 

Coronary arteriography documents the presence or absence
of CAD; identifies the location, number, and morphology
of obstructive lesions; and guides referral for PCI or CABG
in the event that revascularization is indicated (3). (See
Chapter 11.) The American College of Cardiology/American
Heart Association (ACC/AHA) Task Force on Coronary
Angiography (3) and PCI (4) Class I indications for these
procedures include patients with stable CAD who have
severe angina despite medical treatment and as well as
patients with less severe angina but high-risk criteria on
noninvasive testing. Although this patient manifested his
ischemia at a high workload, his desire to continue vigor-
ous exercise warranted further invasive evaluation and
revascularization. 

Compared with medical therapy alone in patients with
single-vessel CAD, PCI improves angina and reduces
ischemia, although it does not reduce the frequency of
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death or MI (5–7). Stable patients with multivessel coro-
nary artery disease may benefit from revascularization,
based on the Asymptomatic Cardiac Ischemia Pilot (ACIP)
study that found a lower incidence of death or MI at 2
years when patients were treated with revascularization
(4.7%) rather than angina-guided (12.1%) or ischemia-
guided (8.8%) therapy (P �.001; 8). More than 50% of
patients in this series underwent CABG.

In patients with multivessel CAD, both CABG and PCI
have similar 1-year occurrence rates for death or MI, but
patients undergoing PCI require more repeat procedures
over the first year owing to restenosis (9). The Bypass And
Revascularization Investigation (BARI) also found that dia-
betic patients assigned to PCI had a significantly (P �

.003) worse survival rate (65.5%) than did diabetic
patients assigned to CABG (80.6%; 10). 

Coronary stenting is now used in �90% of PCIs, owing
to reduced rates of emergency CABG and late recurrence
compared with balloon angioplasty. Although long-term
outcomes following bare metal coronary stenting were
limited by clinical restenosis in �30% of patients, novel
stents that elute drugs (i.e., sirolimus and paclitaxel) into
the vessel wall have recently reduced recurrence rates by 70
to 80% compared with bare metal stents (11–13). As a

Figure 29.1 ECG exercise stress test demonstrating evidence of exercise-induced ischemia, likely
in an anterior distribution. A. Pretest ECG is normal sinus rhythm. B. ECG during Bruce protocol
stage 1 demonstrates 1-mm ST-segment elevation in leads V1-V2 with ST-segment depressions in the
inferior and lateral leads. C. ECG during Bruce protocol stage 2 demonstrates 2-mm ST-segment ele-
vation in leads V1-V2 with deepening of the ST-segment depressions in the inferior and lateral leads.
D. At 5 minutes into recovery, there is persistence of the ST-segment changes. (Courtesy of Daniel
Forman, M.D., Noninvasive Cardiac Laboratory, Brigham and Women’s Hospital, Boston, MA.)

Figure 29.2 Exercise nuclear myocardial perfusion scan demon-
strating anterior-apical perfusion defect at stress. A. Gated stress
images. B. Gated rest images. (Courtesy of Marcelo F. Di Carli,
Department of Nuclear Medicine, Brigham and Women’s Hospital,
Boston, MA.)
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result, there has been a paradigm shift toward the treat-
ment of patients with complex, multivessel disease with
drug-eluting stents rather than CABG (see Chapters 22
and 24). PCI was chosen in this nondiabetic patient
because of the relatively focal stenoses treatable with bare
metal stents. Although this procedure was performed prior
to the availability of drug-eluting stents, a sustained long-
term clinical benefit was achieved from stenting alone.

Medical Management

Following successful stenting, aspirin, 80 to 325 mg,
should be given for 30 days to prevent subacute stent
thrombosis, and then indefinitely for the secondary pre-
vention of new MI. Clopidogrel, 75 mg daily, should also
be given for 3 months after sirolimus-eluting stent place-
ment (11–13) and for 6 months after paclitaxel-eluting
stent placement. Extended clopidogrel up to nine months
after PCI also reduces new ischemia events after PCI (14).
Aggressive lipid-lowering therapy is indicated after PCI to
prevent recurrent MIs (15). Beta-blocker therapy, ACE inhi-
bition, and control of diabetes are also indicated in
patients with established CAD after PCI.

ST-SEGMENT ELEVATION MYOCARDIAL
INFARCTION (STEMI)

Case 2. A 60-year-old obese smoker was in good health
until she developed substernal chest pain 3 days prior to
admission; the pain lasted for 20 minutes and then
resolved spontaneously. Two hours prior to admission, the
patient’s pain recurred, and she presented to the emer-
gency department where electrocardiography showed ST-
segment elevation in the inferior leads (Fig. 29.4). The
patient was immediately given aspirin, unfractionated
heparin, 5,000 units, and intravenous eptifibatide, 180
micrograms followed by a 2.0 
g/kg per minute infusion.
Cardiac catheterization demonstrated a total occlusion of a
large left circumflex coronary artery (Fig. 29.5). After wire
crossing, the patient developed an elevated idioventricular
rhythm (Fig. 29.6) associated with a fall in the systemic
blood pressure from 134/82 mm Hg to 88/60 mm Hg.
This rhythm was managed with fluid resuscitation and
spontaneously reverted to normal sinus rhythm after 20
minutes. The left circumflex was predilated with a 2.5-mm
balloon and was stented with a 3.5 mm � 33 mm
sirolimus-eluting stent. Postdilatation was performed

Figure 29.3 Coronary arteriography was performed and demonstrated two-vessel coronary
artery disease. A. The midsegment of the LAD had a 90% stenosis that was concentric and tubular
(arrow). B. The mid-LAD was treated with a 3.5 mm � 23 mm Bx Velocity stent. C. This resulted in no
residual stenosis and a step-up and step-down appearance indicating complete stent expansion.
D. The midsegment of the mid-RCA had a diffuse 80% stenosis (arrow). E. A 3.5 mm � 28 mm Bx
Velocity stent was deployed in the midsegment. F. After stent placement, there was no residual
stenosis and normal flow into the distal vessel.
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using a 3.5-mm balloon, resulting in no residual stenosis
and TIMI 3 flow into the distal vessel.

Indications for Coronary Arteriography
and Percutaneous Revascularization 

Primary PCI is more effective than thrombolytic therapy for
the treatment of STEMI (see Chapter 22). A meta-analysis
of 23 randomized trials showed that primary PCI reduce
short-term mortality (7% versus 9% in thrombolytic
patients; P �.0002), nonfatal reinfarction (3% versus 7% in
thrombolytic patients; P �.0001), and the occurrence of
stroke (1% versus 2% in thrombolytic patients; P �.0004;
16). These benefits have also been extended to bare metal
and drug-eluting stents (17,18). Accordingly, ACC/AHA
Class I recommendations for PCI as an alternative to
thrombolytic therapy for STEMI include patients who can
undergo PCI within 12 hours of symptom onset (or �12
hours if symptoms persist) by skilled operators (�75 cases
per year) at institutions proficient in the performance of
PCI (4,19). Recent studies have also shown that PCI for
STEMI can be performed at institutions without on-site sur-
gical facilities, provided careful selection criteria are fol-
lowed and it is performed by experienced operators (20,21). 

Technical Considerations

The “door-to-balloon” time is the most critical component
of the invasive management of STEMI patients, and the

catheterization laboratory should be aware of the adage,
“time is muscle” (22). Coronary arteriography of the
non–infarct-related artery should be first performed, and a
guiding catheter should be used for infarct-related artery
angiography in anticipation of immediate PCI. In this case,
the large distal left circumflex rather than the right coronary
artery was the genesis of the inferior ST-segment elevation.
The occlusion is generally soft, and a 0.014-inch soft-tipped
wire should be tried initially. Once the occlusion is crossed,
it is important to document the intraluminal position of
the wire. There is usually a trickle of flow after wire crossing,
or the balloon may be advanced and withdrawn in its
deflated state to “Dotter” enough opening to permit distal
contrast flow. Alternatively, a contrast injection may be per-
formed through the distal tip of the coronary balloon
catheter after it crosses the point of occlusion to document
correct distal wire position. Reperfusion arrhythmias,
including accelerated idioventricular rhythm and bradycar-
dia, may occur with re-establishment of coronary perfu-
sion, particularly with reperfusion of the right coronary
artery. Atropine, 0.5 to 1.0 mg intravenously, and intra-
venous dopamine may be useful for rhythm and pressure
support. Because laminar thrombus may not be appreciated
by conventional angiography, it is important to size coro-
nary stents appropriately to ensure complete stent strut
apposition to the vessel wall. This is particularly true with
the use of drug-eluting stents that require complete stent
strut apposition for their antirestenotic effects. 

Figure 29.4 Inferior ST elevation myocardial infarction on ECG. A. On presentation with an acute
inferior infarction, there are ST elevations in the inferior leads and T-wave inversions in the lateral leads.
B. After percutaneous intervention of the large left circumflex, the ST segments normalize on the ECG. 
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Figure 29.5 ST-segment elevation myocardial infarction. A. Although the EKG changes were
located in the inferolateral leads, coronary arteriography demonstrated an occlusion of the midleft
circumflex coronary artery (arrow). B. A right anterior oblique projection with caudal angulation
demonstrated the occlusion (large arrow) with faint filling into the distal left circumflex (small arrow).
C. The dominant right coronary artery had only minor lumen irregularities and was patent. D. After
passage of a coronary guidewire across the coronary occlusion, reperfusion occurred. E. A 3.5 mm �
33 mm CYPHER stent was deployed in the midleft circumflex. F. The final angiogram demonstrated
normal perfusion and no residual stenosis into a large left posterolateral branch. The EKG resolved
to normal following coronary stenting.

Figure 29.6 Accelerated idioventricular rhythm. 
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Medical Management

In patients with STEMI undergoing primary PCI, oral
aspirin, 80 to 325 mg, and intravenous heparin should be
given immediately with the diagnosis of STEMI. Pretreatment
with clopidogrel may also be useful, but randomized trials
in this setting are ongoing. Intravenous beta-blockers may
be given to control hypertension and reduce recurrent
ischemia. Glycoprotein IIb/IIIa (GP IIb/IIIa) inhibitors may
also prevent recurrent ischemia, particularly if these agents
can be administered prior to PCI (23,24). 

NON–ST-SEGMENT ELEVATION
MYOCARDIAL INFARCTION (NSTEMI)

Case 3. A 70-year-old man in good health developed sub-
sternal chest pressure at rest that was associated with short-
ness of breath. The baseline electrocardiogram on presen-
tation to the emergency department demonstrated
ST-segment depression in the anterior leads (Fig. 29.7).
The troponin I was 0.6 mg per dL. 

The patient was taken to the cardiac catheterization
within 2 hours of presentation, and coronary arteriography
demonstrated an ostial left anterior descending artery
stenosis associated with TIMI 2 flow into the distal vessel
(Fig. 29.8). Coronary stent placement using a 3.5 mm �
13 mm sirolimus-eluting CYPHER stent, resulting in no
residual stenosis TIMI 3 flow into the distal vessel.

Indications for Coronary Arteriography
and Percutaneous Revascularization 

Coronary arteriography should be performed in patients who
present with non-ST-elevation myocardial infarction or unsta-
ble angina (NSTEMI-UA) and who develop recurrent symp-
toms despite medical therapy or have markers of subsequent
death or myocardial infarction (MI; 2) (see Chapter 11).

High-risk features include prolonged ongoing (�20 min-
utes) chest pain, pulmonary edema, worsening mitral regur-
gitation, dynamic ST-segment depression of 1 mm, elevated
serum troponin levels, or hypotension. Intermediate- risk
features include angina at rest (�20 minutes) relieved with
rest or sublingual nitroglycerin, angina associated with
dynamic ECG changes, recent-onset angina with a high like-
lihood of CAD, pathologic Q waves, ST-segment depression
�1 mm in multiple leads, or age older than 65 years. 

These recommendations are based on recent random-
ized clinical trials that suggest that many patients benefit
from early revascularization by PCI or coronary bypass
surgery (CABG), particularly in those with intermediate-
and high-risk criteria for a recurrent infarction (2). These
trials include the Fragmin and Fast Revascularization dur-
ing InStability in Coronary artery disease (FRISC II) study
(25), the Treat Angina with Aggrastat and Determine Cost
of Therapy with an Invasive or Conservative Strategy
(TACTICS-TIMI-18) study (26), and the British Heart
Foundation Randomized Intervention Trial of Unstable
Angina (RITA-3; 27). Collectively, these trials found that
the occurrence of death and recurrent MI was lower in
patients treated with a routine invasive strategy for cardiac
catheterization and revascularization compared with
patients in whom cardiac catheterization and revascular-
ization was reserved for recurrent ischemia. The Intra-
coronary Stenting with Antithrombotic Regimen Cooling
Off also found a benefit of an early (�6 hours) invasive
strategy in 410 patients admitted with NSTEMI-UA who
were randomized to a medical stabilization (aspirin, clopi-
dogrel, tirofiban) for 72 to 120 hours before catheteriza-
tion (median 86 hours) or to early intervention with
intense antiplatelet coverage limited to �6 hours of pre-
treatment (median time to intervention: 2.4 hours). The
30-day composite event rate was significantly lower in
patients with early intervention compared with those who
were assigned to medical therapy before PCI (5.9% versus
11.6%, P � .04; 28). Subgroup analysis also showed

Figure 29.7 The EKG on presenting demonstrated anterior ST-segment depression in V2-V4 con-
sistent with anterior wall ischemia.
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Figure 29.8 Coronary angiography in a
patient with an anterior non–ST-segment
elevation myocardial infarction. A. A left
anterior oblique projection with caudal
angulation demonstrates a 90% stenosis of
the ostium of the left anterior descending
(LAD; arrow ). B. A right anterior oblique
projection with cranial angulation shows
the relationship of the stenosis (large
arrow) to the origin of the diagonal branch
(small arrow). C. The right anterior oblique
with caudal angulation also shows the
ostial location of the LAD stenosis. D. The
right coronary artery had only minor lumen
irregularities in its midportion. E. A 3.5
mm � 13 mm CYPHER stent was placed in
the origin of the LAD. F. Postdilatation of
the stent was performed using a shorter
3.5-mm balloon. G. The left anterior
oblique projection with caudal angulation
shows the expansion of the stent without
compromise of the side branch. H. This is
confirmed in the right anterior oblique pro-
jection with cranial angulation.
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consistent trends in favor of early intervention in patients
who had positive troponin-T values, ST-segment depres-
sion, PCI, or CABG (28). 

It should also be noted that patients with NSTEMI-UA can
be treated safely with drug-eluting stents. The Rapamycin-
Eluting Stent Evaluated At Rotterdam Cardiology Hospital
(RESEARCH) registry compared 198 patients with NSTEMI-
UA treated exclusively with drug-eluting stents with 301
patients with NSTEMI-UA treated with bare stents (29). The
30-day major adverse cardiac event rate was similar in both
groups with stent thrombosis (29). 

Technical Considerations

The ostial left anterior descending artery (LAD) and pres-
ence of a large, nondiseased diagonal branch with 15 mm
of the LAD origin requires that the appropriate size and
stent length be used to avoid compromise of the branch
vessel. The angulation of the origin of the left circumflex
was also favorable for ostial stent placement. Positioning
of the stent is best performed in the left anterior oblique
projection with caudal angulation, and 1 mm of stent can
be left safely in the left main coronary artery to avoid inad-
equate coverage of the ostium. Postdilation should be per-
formed to ensure complete stent expansion. 

Medical Management

Patients with NSTEMI should be treated initially with
aspirin, 75 to 325 mg, unfractionated or low–molecular-

weight heparin, and a glycoprotein IIb/IIIa (GPIIb/IIIa)
inhibitor in high-risk patients, administered within min-
utes to hours of clinical presentation. Pretreatment with
clopidogrel, 300 to 600 mg, may be useful in preventing
MI, particularly if the catheterization is delayed �24 hours
(2). Aggressive lipid-lowering therapy also appears benefi-
cial in patients with acute coronary syndromes (15).

BIFURCATION DISEASE

Case 4. A 55-year-old woman smoker presents with
increasing angina at a reduced workload. Exercise stress
testing demonstrates lateral wall ischemia in the left cir-
cumflex distribution (Fig. 29.9). Coronary angiography
demonstrates a complex stenosis of the left circumflex at
the origin of the obtuse margin branch (Fig. 29.10). Both
branches are predilated and the parent left circumflex is
stented with a 3.5 mm � 23 mm stent. The obtuse margin
branch is recrossed, and a kissing balloon inflation is per-
formed, resulting in no residual stenosis and TIMI 3 flow
into the parent and branch vessel. 

Technical Considerations

Various techniques have been proposed for the treatment
of bifurcation lesions, depending on the size of the daugh-
ter branch, the presence of a stenosis within the daughter
branch, the angle of the origin of the daughter branch from

Figure 29.9 Dobutamine stress MRI demon-
strating a lateral perfusion defect. A. At rest.
B–E. Escalating dobutamine infusion with appro-
priate augmentation of all myocardial walls
except for the basilar to midlateral wall.
F. Perfusion imaging at peak dobutamine stress
revealed a basilar to midlateral wall transmural
perfusion defect (arrow). (Courtesy of Raymond
Kwong, M.D., Cardiovascular Imaging, Brigham
and Women’s Hospital, Boston, MA.)
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the parent vessel, and the presence of calcification within
the bifurcation lesion. A primary concern in the treatment
of bifurcation lesions is side-branch occlusion or compro-
mise owing to “snowplow” shifting of plaque from the par-
ent vessel lesion into the ostium of the daughter vessel.
Treatment strategies to remove some of the plaque
(debulking) have improved outcomes compared with bal-
loon angioplasty alone (30). (See Chapter 22). However,
with the advent of drug-eluting coronary stents (31), the
treatment strategies have become more complex in an
attempt to cover the entire bifurcation lesion with stent(s).
(See Chapter 24). Depending on the specific anatomy, 
T-stenting, culotte stenting, V-stenting, Y-stenting, simulta-
neous kissing stents, and crush stenting may be used
(32–34). Several studies suggest that routine stenting of
both branches provides no incremental benefit over
bailout stenting in the event of side-branch occlusion
(35,36). If stents are placed in both the parent and daugh-
ter branch using any of these approaches, a final kissing
balloon inflation does appear to reduce the late recurrence
rate by simultaneously expanding the stents in both
branches (33). 

SAPHENOUS VEIN GRAFT DISEASE

Case 5. A 60-year-old man with a history of coronary
artery disease and prior CABG presented with an acute
inferior wall myocardial infarction. The EKG demonstrated
an inferior wall myocardial infarction, manifest by ST-seg-
ment elevation of leads II, III, AvL (Fig. 29.11). Coronary
arteriography demonstrated a patent left internal mam-
mary artery (LIMA) to the LAD, patent SVG to the obtuse
marginal and diagonal branches, an ostial left main and
RCA occlusions, and a recently occluded SVG to the poste-
rior descending artery (PDA; Fig. 29.12). The occluded SVG
to the PDA was crossed with a 0.014-inch BMW wire, and a
distal injection demonstrated abundant thrombus and a
focal stenosis in the midportion of the SVG. A 0.014-inch
FilterWire EZ (Boston Scientific, Natick, MA) was placed
across the stenosis, and the FilterWire was deployed in a
smooth portion of the SVG. A 5F AngioJet XVG catheter
was used to remove the residual thrombus. Following this,
two 3.5 mm � 33 CYPHER stents were placed in the prox-
imal and mid SVG. The SVG was postdilated with a 4.0-
mm postdilatation balloon. The FilterWire was then

Figure 29.10 A. A right anterior oblique projection with caudal angulation demonstrates a 90%
stenosis of the left circumflex at proximal and distal to the origin of a large obtuse marginal branch.
B. A right anterior oblique projection with cranial angulation confirms the relationship of the circum-
flex stenosis and the obtuse marginal branch stenosis. C. A 3.5 mm � 23 mm stent was placed within
the left circumflex. D. A simultaneous kissing balloon inflation was then performed with a 3.0-mm
balloon in both the obtuse marginal branch and a left circumflex. E. The stent is well expanded and
the side branch patent after stent placement. F. This is confirmed in a second view.



removed, and normal flow was found in the distal RCA
and its branches. 

Indications for Coronary Arteriography
and Percutaneous Revascularization 

Even with excellent surgical techniques, SVGs are at risk for
deterioration owing to progressive degeneration in the
higher-pressure arterial environment. It is thus estimated
that �50% of SVGs become diseased or occlude within the
first decade after CABG. Repeat CABG for SVG failure, par-
ticularly when there is a patent LIMA to the LAD, is associ-
ated with lower success rates and less symptomatic benefit
than the initial procedure. One recent series has suggested
that PCI is preferable to repeat CABG in patients who
develop recurrent symptoms after the first procedure (37).

Technical Considerations

The procedural success rate after balloon angioplasty of
SVG lesions ranges from 84 to 92% (38–40), depending in
part on the presence of graft degeneration, lesion location,
and graft age of 36 months (38). The long-term success is
limited by a high rate of restenosis or occlusion, even with
the use of bare metal stents (41–44). In this case, a totally
occluded graft was treated with distal protection, thrombec-
tomy, and drug-eluting stents, techniques that may
improve the long-term patency of these high-risk subjects,
although long-term studies are limited in patients treated
with drug-eluting stents.

The major risk of SVG intervention is the occurrence of
distal embolization (45). Microvascular (arteriolar) spasm
and dislodgement of platelet aggregates are also causes of
periprocedural myocardial infarction (MI). Although gly-
coprotein IIb/IIIa inhibitors do not reduce embolic com-
plications in patients with SVG intervention, embolic
protection devices have been shown to reduce the inci-
dence of these complications (see Chapters 22 and 23).

The degree of risk for embolization relates to the extent
of SVG degeneration, which includes an estimate of the
percentage of graft irregularity and ectasia, friability,
presence of thrombus, and number of discrete or dif-
fuse lesions (�50% stenosis) located within the graft.
Although atherectomy and thrombectomy have been
tried to prevent embolization (46), only the use of a dis-
tal protection device has resulted in a reduction of clini-
cal events. 

Two general classes of embolic protection devices have
been approved for clinical use: occlusion systems that use
a low-pressure balloon to occlude flow during interven-
tion, and embolic entrapment filters that permit flow
through the SVG during intervention but capture the
debris within the distal filter. The PercuSurge Guardwire
(Medtronic Vascular, Santa Rosa, CA) device is a low-pro-
file system (0.014-inch guidewire) with a balloon that is
inflated at low pressures to occlude flow once it is posi-
tioned distal to the target lesion (47). Any debris liber-
ated by intervention remains trapped in the stagnant col-
umn of blood and is subsequently aspirated with a
different catheter before the occlusion balloon is deflated
to restore antegrade flow (47). The 801-patient SAFER
trial, in which patients undergoing SVG intervention were
randomized to stenting using this distal protection device
versus a conventional guidewire, demonstrated a substan-
tial reduction in 30-day major adverse clinical events
(16.9 to 9.6%) and no reflow (8.3 to 3.3%) using the
device (47). The EPI FilterWire (Boston Scientific, Natick,
MA) is a 0.014-inch wire with a nitinol wire loop at its
distal tip that contains an elliptical polyurethane filter
with 100-micron pores. The FilterWire is delivered and
removed with a 3.9F delivery and removal catheter. The
FilterWire was compared with the PercuSurge Guardwire
distal occlusion device in a randomized 656-patient trial.
The distal filter was noninferior (equivalent or better)
than the distal occlusion device with respect to 30-day
major adverse cardiac events and thus is an acceptable
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Figure 29.11 ECG demonstrating acute inferior ST elevation myocardial infarction.



Figure 29.12 Saphenous vein graft intervention. A. The left main coronary artery is occluded at its
origin. B. The right coronary artery is occluded and fills faintly by right-to-right bridging collaterals.
C. A SVG to the diagonal branch is patent. D. A SVG to the ramus branch is patent. E. A SVG to an
obtuse marginal branch is patient. F. The SVG to the posterior descending branch is acutely occluded
(arrow). G. After wire recanalization, a large thrombus is seen in the midsegment of the SVG (large
arrow) that extends more distally within the SVG (small arrows). H. An XVG AngioJet catheter (large
arrow) is used to remove the thrombus after placement of a distal protection FilterWire (small arrow).
I. A 3.5 mm � 33 CYPHER stent is placed in the distal portion of the SVG. J. Another 3.5 mm � 33
CYPHER stent is positioned in the proximal portion of the SVG. K. After removal of the FilterWire, the
left anterior oblique projection demonstrates patency of a cascade of posterior descending and pos-
terolateral branches. L. Complete stent expansion is confirmed in the left lateral projection.



alternative (48). Given our inability to predict which
patients will develop an embolic complication, embolic
protection devices should be used in all suitable patients
undergoing SVG intervention. 

TOTAL CORONARY OCCLUSION

Case 6. A 59-year-old man with premature CAD, prior
CABG, and multiple prior PCIs of the native vessel pre-
sented with severe exertional angina that developed with
exercise and was relieved with rest, despite maximum med-
ical therapy. Exercise stress testing demonstrated reversible
inferior wall ischemia (Fig. 29.13). Coronary arteriography
demonstrated a patent left internal mammary artery to the
LAD and occluded SVGs to the diagonal branch and poste-
rior descending branches. The native left coronary artery
had a patent left circumflex coronary artery and diffuse dis-
ease of the LAD and diagonal branches. The right coronary
artery was ectatic and was patent to the posterior descend-
ing artery. Just distal to the crux, there was a total occlusion
of the distal continuation of the RCA (Fig. 29.14). A large
right posterolateral branch was filled by left-to-right and
right-to-left collaterals. Conventional coronary guidewires
were unsuccessful in crossing the occlusion. The Intraluminal
Therapeutics Safe Steer RF coronary guidewire was then used
to cross the occlusion using optical coherence reflectome-
try guidance to confirm the intraluminal position of the
guidewire and radiofrequency energy to cross the occluded
segment (see Chapter 22). Once successful wire crossing was
obtained, coronary stent placement was performed with
normal flow into the large posterolateral branch.

Indications for Coronary Arteriography
and Percutaneous Revascularization

Chronic total occlusions (CTOs) are present in 20 to 40%
of patients undergoing angiography for the evaluation of
CAD. The presence of a CTO is a frequent reason for referral
to CABG in an effort to achieve a more complete revascular-
ization. CTOs can cause severe effort angina because the
distal myocardial bed may be viable owing to coronary col-
laterals. Effort angina occurs because the collaterals are
inadequate to meet the increased oxygen requirement dur-
ing exercise. Recanalization of CTOs has also been related
to an improved late survival (49–52). A 10-year survival
advantage associated with successful CTO treatment com-
pared with failed CTO treatment (73.5 versus 65.1%; P �

.001) was found in a study of 2,007 consecutive patients
who underwent PCI for a CTO (50). When attempts at CTO
intervention are unsuccessful, referral to coronary artery
bypass surgery (CABG) becomes the sole remaining option.

Technical Considerations

Conventional angioplasty guidewires will successfully
cross a CTO in 60 to 70% of patients, or more (53–56). In
general, once the coronary guidewire is advanced into the
distal lumen, coronary intervention can be completed with
a combination of balloons and devices (see Chapter 22).
Although debulking before stenting has a limited impact
on late recurrence (57), excimer laser angioplasty or rota-
tional atherectomy is occasionally required to facilitate
advancement of balloons and stents across the occluded
segment (58). Coronary stent placement has superior out-
comes compared with balloon angioplasty alone for the
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Figure 29.13 Stress echocardiogram demonstrating inferior-posterior hypokinesis with exercise.
A. Parasternal long-axis rest. B. Parasternal long-axis stress. C. Parasternal short-axis rest.
D. Parasternal short-axis stress. E. Apical two-chamber rest. F. Apical two-chamber stress. (Courtesy
of Noninvasive Cardiac Laboratory, Brigham and Women’s Hospital, Boston, MA.)
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Figure 29.14 Recanalization of a total
coronary occlusion. A. A flush occlusion of
the distal continuation of the right coro-
nary artery (arrow). B. Initial attempts at
crossing the occlusion with a hydrophilic
coronary guidewire result in the creation
of a false lumen and parallel tract to the
right posterolateral branch (arrow). C. The
Intraluminal Therapeutics SafeSteer coro-
nary guidewire was used to advance the
wire into the true lumen using optical
coherence reflectometry (arrow). D. Using
this method, the guidewire is advanced
into the distal portion of the right pos-
terolateral branch. E. A 2.0-mm balloon
was used to dilate the occlusion initially.
F. This was followed by stent placement in
the very distal right coronary artery. G. An
additional balloon inflation was per-
formed in the distal right posterolateral
branch. H. The final angiographic result
demonstrated no residual stenosis and
normal flow into the distal vessel.



treatment of CTOs (59–65), and there is at least prelimi-
nary evidence that the use of drug-eluting stents reduces
the late recurrence rate further (to �5%).

The inability to pass a guidewire through an occluded
segment into the distal lumen is the major cause of failure
in CTOs. If collaterals exist from a contralateral vessel,
simultaneous injection may allow assessment of wire posi-
tion in the distal lumen, particularly if ipsilateral collater-
als are lost during advancement of the guidewire. Angi-
ographic factors that predispose to failure to cross a chronic
total occlusion include multivessel coronary artery disease
(66) and unfavorable angiographic features including a
blunt entry to the occlusion (67), long occlusions (67–69),
presence of bridging collaterals (67,70), occlusion dura-
tion �180 days (67,69), and extensive calcification (68).

Better success in crossing chronic total occlusions has
been achieved with stiffer, tapered-tip (to 0.010 inch),
and hydrophilic-coated guidewires (68,71–74) advanced
with extra support from a balloon catheter or small-
caliber support catheter. Different guidewires may be
helpful at different locations within the occlusion, using
hydrophilic guidewires for coronary microchannels and
stiffer-tipped guidewires to cross the distal fibrous cap of
the occlusion. Although the risk for coronary perforation
is increased with the use of these devices (75), the fre-
quency of tamponade is �1 to 2%. The distal position of
the wire should be confirmed using a distal contrast
injection or visualization by collaterals before balloon
inflation.

Several alternative devices have been evaluated as
adjuncts to conventional wires in patients with CTOs (76),
including the use of an excimer laser-tipped wire (77,78),
the LuMend Front Runner (LuMend, Santa Clara, CA),
0.039-inch tipped by two blunt jaws, whose repetitive
opening bluntly dissects across the occlusion (79), and the
Safe-Cross wire (80). The Safe-Cross guidewire (Intraluminal
Therapeutics, Carlsbad, CA) used in this case is a 0.014-inch
guidewire containing a single optical fiber that carries a beam
of low-coherence light. Optical coherence reflectometry
(OCR) data discriminate whether plaque or organized vessel
wall lie immediately ahead of the guidewire tip, and this
information is used to decide whether to advance or
redirect the wire tip (80–82). If only amorphous plaque
is ahead of the wire, the reflection falls off rapidly, but if
the tip of the wire is near the vessel wall, a secondary
reflection from the organized collagen fibers is observed.
If the fiber detects only plaque but cannot be advanced
by mechanical force alone, the guidewire tip can be used
to deliver a brief burst of radiofrequency energy to facili-
tate wire passage through the more fibrocalcific elements
of the occlusion. In the Guided Radiofrequency Energy
Ablation of Total Occlusion (GREAT) registry, 63
(54.3%) of 116 patients with CTOs refractory to conven-
tional guidewire (10-minute fluoroscopy time attempt)
were successfully recanalized with the Safe-Cross wire
(80).

UNPROTECTED LEFT MAIN DISEASE

Case 7. A 70-year-old man with known severe occlusive
peripheral vascular disease and chronic obstructive pul-
monary disease (forced expiratory volume � 700 mL)
developed pulmonary edema requiring intubation and ven-
tilatory support. During an episode of atrial fibrillation
with a rapid ventricular response, the patient developed
deep precordial ST-segment depression and hypotension.
Owing to ongoing ischemia despite maximal medical ther-
apy and ongoing ventilator dependence, coronary arteriog-
raphy was performed from the right radial approach.
Diagnostic angiography demonstrated an 80% ostial left
main disease (Fig. 29.15). Surgical consultation found that
he was not a candidate for bypass owing to his severe pul-
monary disease, and the left main lesion was corrected by
balloon predilatation and implantation of a drug-eluting
stent.

Indications for Coronary Arteriography
and Revascularization

Patients with ongoing ischemia who are poor candidates
for surgical revascularization can be considered for coro-
nary arteriography and high-risk PCI. 

Technical Considerations

The location of the stenosis within the left main coronary
artery will generally determine the complexity of the PCI
(see Chapters 22 and 24). Focal, ostial left main lesions can
generally be treated with short, large-diameter stents with a
minimum of peri-PCI ischemia. Coaxial guiding catheter
support allows positioning of the proximal portion stent
just 1 to 2 mm within the aorta and fully covering the ostial
left main stenosis. Short, high-pressure balloon inflations
minimize ischemia time and provide full stent expansion.
Left main lesions involving the body and bifurcation of the
left anterior descending (LAD) and left circumflex coronary
artery generally require placing the distal portion of the stent
within either the LAD, left circumflex, or both. In a series of
127 selected patients undergoing unprotected left main
coronary artery stenting, angiographic restenosis was docu-
mented in 19 (19%) of 100 patients (83). The lumen diam-
eter after stenting was significantly larger in the intravascular
ultrasound (IVUS)-guided group (P � .003). The angio-
graphic restenosis rate was significantly lower in the debulk-
ing/stenting group (8.3 versus 25%, P � .034). The refer-
ence artery size was the only independent predictor of
angiographic restenosis. During 2-year follow-up, there were
four deaths, but no nonfatal myocardial infarctions
occurred. Recurrence rates have been improved with drug-
eluting stents, but at this writing (see Chapter 24) unpro-
tected left main intervention (especially of distal bifurcation
lesions) should be reserved for patients who are at high risk
for CABG.
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The indications for coronary arteriography and revascular-
ization will continue to evolve as newer techniques are devel-
oped. It is likely that the use of drug-eluting stents will be
expanded into more complex patients and those with multi-
vessel CAD, although the choice between catheter-based and
surgical revascularization must be tailored for each patient
based on clinical and angiographic features. Anticoagulation
strategies (see Chapter 3) will also evolve with the addition
of more novel regimens. In each case, the correction of the
signal coronary lesion(s) must be followed by medical ther-
apy to prevent stent thrombosis as well as aggressive lipid
reduction and long-term aspirin to reduce the rate of lesion
progression and new lesion development. 
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Acute pulmonary embolism (PE) encompasses a wide
spectrum of acuity, with varying prognoses and therapies.
Most patients with acute PE maintain normal systolic arte-
rial pressure and normal right ventricular function once
therapeutic levels of anticoagulation are established.
Unfortunately, some PE patients suffer clinical deteriora-
tion including death from right ventricular failure or the
need for cardiopulmonary resuscitation, mechanical venti-
lation, pressors, thrombolysis, catheter thrombectomy, or
surgical embolectomy (1). 

Many patients with chronic thromboembolic hyperten-
sion (CTEPH) present with worsening dyspnea or fatigue
and do not have a clear history of venous thromboem-
bolism or an identifiable thrombophilic disorder. This
condition often remains undiagnosed until an echocardio-
gram or chest computed tomogram (CT) shows right ven-
tricular enlargement. Clinical outcome may improve with
pulmonary thromboendarterectomy in combination with
placement of a vena cava filter and indefinite-duration
anticoagulation.

Most patients with idiopathic pulmonary arterial hyper-
tension (IPAH) will suffer rapid clinical deterioration with
right ventricular failure and death unless this condition is
treated aggressively. Several new drugs are effective in
improving symptoms and survival. This chapter will
thus focus on diagnosis and management of patients
with acute PE and pulmonary hypertension (see also
Chapter 13). 

ACUTE PULMONARY EMBOLISM

Diagnosis
Maintaining a high degree of clinical suspicion for PE is
of paramount importance. The onset of symptoms may
be sudden, gradual, or intermittent. The most common
symptoms and signs are nonspecific: dyspnea, chest
pain, tachypnea, and tachycardia. Usually, pulmonary
embolism patients with pleuritic pain or hemoptysis
have anatomically small emboli near the periphery of
the lung, where nerve innervation is greatest and where
pulmonary infarction is most likely to occur owing 
to poor collateral circulation. In contrast, patients 
with life-threatening PE often have a painless presenta-
tion characterized by profound dyspnea, syncope, or
cyanosis.

PE should be suspected in a hypotensive patient when
(1) there is evidence of, or there are predisposing factors
for, venous thrombosis, and (2) there is clinical evidence
of acute cor pulmonale (acute right ventricular failure)
such as distended neck veins, an S3 gallop, a right ventricu-
lar heave, tachycardia, or tachypnea, especially if (3) there
is electrocardiographic evidence of acute cor pulmonale
manifested by a new S1-Q3-T3 pattern, new incomplete
right bundle branch block, or right ventricular ischemia.
Under such circumstances, a bedside echocardiogram is
especially helpful. 



Laboratory and Imaging Tests

Chest radiograph abnormalities include focal oligemia
(Westermark sign), indicating massive central embolic
occlusion, or a peripheral wedge-shaped density above the
diaphragm (Hampton hump), indicating pulmonary infarc-
tion. An enlarged right descending pulmonary artery (Palla
sign) is also a useful clue. Furthermore, the chest radi-
ograph can help identify patients with other diseases, such
as lobar pneumonia or pneumothorax, that can mimic
pulmonary embolism. 

The electrocardiogram helps to exclude acute myocardial
infarction and to identify electrocardiographic manifesta-
tions of right-heart strain (2–4). The differential diagnosis of
new right heart strain includes acute pulmonary embolism,
acute asthma, or exacerbation of chronic bronchitis in
patients with chronic obstructive pulmonary disease.

Unfortunately, the time-honored screening test of
abnormal room air arterial blood gases is not helpful in
triaging patients suspected of pulmonary embolism.
Extensive analyses of the large PIOPED (Prospective
Investigation of Pulmonary Embolism Diagnosis) data-
base indicate that even sophisticated calculations of the
alveolar-arterial oxygen difference do not differentiate
patients with and without PE (5,6). Therefore, arterial
blood gases should not be obtained as a screening test in
patients suspected of pulmonary embolism. 

An abnormally elevated level of enzyme-linked immu-
nosorbent assay (ELISA) plasma D-dimer (�500 ng/mL)
has a �90% sensitivity for identifying patients with PE
proven by lung scan (7) or by angiogram (8). The plasma
D-dimer is a specific derivative of cross-linked fibrin (Fig.
30.1). Although low plasma concentrations of D-dimers
are sensitive for excluding PE, they are not specific. 
D-dimer levels remain elevated in patients for at least 1 week
postoperatively and will also be abnormally high in

patients with myocardial infarction, sepsis, or almost any
other systemic illness. Therefore, the plasma D-dimer
ELISA is best used in patients who present to the office or
Emergency Department without coexisting acute systemic
illness (9,10).

Ventilation-perfusion (V-Q) lung scanning has tradition-
ally served as the principal diagnostic imaging test when
the clinical suspicion for pulmonary embolism is high.
The V-Q scan is most useful if it is clearly normal or if it
demonstrates a pattern suggestive of a high probability for
pulmonary embolism. Unfortunately, more than half of
the patients with suspected PE have inconclusive scans
(intermediate or low probability; 11). Currently, many
institutions perform V-Q scanning only in patients with
renal insufficiency, contrast allergy, or pregnancy.

Spiral chest CT scanning with contrast has virtually
replaced lung scanning as the initial imaging test (12,12a).
The latest generation of 16-slice detector scanners allows
image acquisition with 1-mm resolution during a single
breath-hold, enabling accurate detection of central, lobar,
segmental, and subsegmental thrombi (13). Sensitivity
and specificity for PE are �90% (14). The risk of recurrent
venous thromboembolism in patients with suspected PE,
in whom anticoagulation was withheld after a negative CT
study, approximated 2% (15,15a). A similar recurrence rate
has been reported in patients in whom anticoagulation
was withheld after a negative pulmonary angiogram
(16,17). Spiral chest CT is also useful for the rapid detec-
tion of alternative diagnoses, such as aortic dissection,
pneumothorax, or pericardial tamponade.

Gadolinium-enhanced magnetic resonance (MR) angiogra-
phy is accurate for PE diagnosis and avoids ionizing radia-
tion or iodinated contrast agents. MR appears to be almost
as sensitive and specific for PE as pulmonary angiography
(18). However, in most institutions, MR has limited
round-the-clock availability, and there is restricted moni-
toring, rendering this imaging modality unsuitable for
hemodynamically unstable patients.

Venous ultrasound is usually accurate in diagnosing proxi-
mal leg deep venous thrombosis in symptomatic outpatients
(19) and may serve as a useful surrogate for PE. However,
almost two-thirds of PE patients have no venographic (20) or
ultrasound evidence of leg deep venous thrombosis (21,22).
Therefore, if clinical suspicion of pulmonary embolism is
high, patients without clinical or imaging evidence of deep
venous thrombosis should still be worked up for PE.

Echocardiography is most useful among hemodynamically
unstable patients who appear to be too ill to be transported
for an imaging study. If transthoracic echocardiographic
images are technically inadequate, then transesophageal
echocardiography may be considered (23). Rarely, echocar-
diography demonstrates a thrombus in the main pulmonary
artery or at its proximal bifurcation. More often, bedside
echocardiography will suggest PE if a constellation of find-
ings indicates right heart failure, especially in the presence of
regional systolic wall motion abnormalities (the McConnell
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Figure 30.1 Plasma D-dimer is generated exclusively from plas-
min breakdown of fibrin clot. The D-dimers can be measured by
commercially available enzyme-linked immunosorbent assay
(ELISA) kits. Plasma D-dimer ELISA is an excellent screening test
for pulmonary embolism. Elevated levels are sensitive, and normal
levels have a high negative predictive value for pulmonary
embolism at angiography.



Sign; 24). In a patient with suspected massive PE and severe
right ventricular dysfunction on the echocardiogram, initia-
tion of reperfusion therapy, including thrombolysis, catheter
fragmentation, or surgical embolectomy may be considered
without obtaining time-consuming imaging tests (25).
Echocardiography in this setting can also help to exclude
other life-threatening conditions, such as ventricular septal
rupture, aortic dissection, and pericardial tamponade.
However, echocardiography is normal in about half of the
patients with suspected PE and therefore is not a good
screening test in hemodynamically stable patients.

Pulmonary angiography is warranted if the clinical suspi-
cion for PE remains high after negative or equivocal nonin-
vasive imaging studies, including contrast-enhanced chest
CT, lung scanning, or venous ultrasound. The indications,
technique, and complications of conventional pulmonary
angiography are described in Chapter 13. 

RISK STRATIFICATION

The classical approach for assessing risk in a PE patient has
relied primarily on systemic arterial pressure. Patients with
systolic blood pressure �90 mm Hg were started on pres-
sors. If pressors failed to raise the systolic blood pressure to
�90 mm Hg, thrombolysis or open surgical embolectomy
was considered. This strategy delayed implementation of
aggressive therapy. Consequently, patients had often
passed the point of no return, with irreversible cardiogenic
shock and multisystem organ failure. Contemporary risk
stratification focuses on early detection of those patients
who are at increased risk for adverse clinical events while

the systemic arterial pressure is preserved, prior to the
development of cardiogenic shock (26). 

On physical examination, tachycardia, tachypnea, and
arterial hypotension suggest high risk. Clinical signs of
right ventricular dysfunction include distended jugular
veins, an accentuated pulmonic heart sound, a right ven-
tricular heave, or a tricuspid regurgitation murmur.

The Geneva Prognostic Index (27) uses an eight-point
scoring system and identifies clinical predictors of adverse
clinical outcome: two points each for cancer and hypoten-
sion, and one point each for heart failure, prior DVT, arter-
ial hypoxemia, and concomitant DVT. As points accumu-
late, prognosis worsens.

Although the electrocardiogram is neither sensitive nor
specific for PE diagnosis, inverted T waves in the precordial
leads and a QR pattern in V1 are strong predictors for
adverse clinical events (3).

Echocardiography has emerged as the most important
tool for risk assessment and treatment guidance because
right ventricular dysfunction on the baseline echocardio-
gram is an independent predictor of early PE-related death
(28). Right ventricular dysfunction is diagnosed in the
presence of (1) right ventricular dilatation, defined as a
right over left ventricular end-diastolic dimension ratio
�0.6 in the parasternal view or �0.9 cm in the four-chamber
view; (2) right ventricular systolic free wall hypokinesis; or
(3) systolic pulmonary arterial hypertension, defined as a
tricuspid regurgitant velocity �2.6 m/second (29). Indirect
signs of right ventricular pressure overload are a flattened
interventricular septum (Fig. 30.2), paradoxical systolic
motion of the interventricular septum toward the left ven-
tricle, or a dilated inferior vena cava without respiratory
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Figure 30.2 Parasternal short-axis views of the right ventricle (RV) and left ventricle (LV) in dias-
tole (left) and systole (right). There is diastolic and systolic bowing of the interventricular septum
(arrows) into the left ventricle compatible with right ventricular volume and pressure overload,
respectively. The right ventricle is appreciably dilated and markedly hypokinetic, with little change in
apparent right ventricular area from diastole to systole. PE, small pericardial effusion. (Reprinted
with permission from Come PC. Echocardiographic evaluation of pulmonary embolism and its
response to therapeutic interventions. Chest 1992;101:151S.)



variation. A patent foramen ovale identifies patients at risk
for paradoxical embolism. Free-floating right heart thrombi
increase the risk for adverse clinical events (30). Another
noninvasive marker of adverse clinical events is right ven-
tricular enlargement obtained from a reconstructed chest
CT cardiac four-chamber view (Fig. 30.3; 31).

Cardiac biomarkers, including troponins and natriuretic
peptides, have emerged as promising tools for risk assess-
ment of patients with acute PE (Fig. 30.4). Cardiac tro-
ponins I and T are sensitive markers of myocardial necrosis.
In acute PE, troponin levels correlate well with the extent of
right ventricular dysfunction (31–35). In contrast to acute
myocardial infarction, PE-related elevations of troponin

levels are mild and of short duration. Myocardial ischemia
and microinfarction owing to alterations in oxygen supply
and demand of the failing right ventricle probably play a
major role in the pathogenesis of troponin release.

The natriuretic peptides are useful prognostic markers
for patients with congestive heart failure. Similar to cardiac
troponins, elevations in B-type natriuretic peptide (BNP)
or its prohormone, proBNP, are associated with right
ventricular dysfunction in acute PE (36–40). 

Troponins and natriuretic peptides have a high negative
predictive value for in-hospital death (�97%; 36). In
patients with normal biomarker levels, echocardiography
need not generally be ordered because right ventricular
function will almost always be normal (Fig. 30.5). Future
studies will show whether cardiac biomarkers are useful for
guiding treatment decisions. Abnormally elevated proBNP,
BNP, or troponin levels may help select patients who bene-
fit from further confirmation of right ventricular dysfunc-
tion by echocardiography. 

ANTICOAGULATION

When PE is diagnosed or strongly suspected, anticoagulation
therapy should be initiated immediately unless a contraindica-
tion exists. An intravenous bolus of unfractionated heparin
(80 U/kg) followed by 18 U/kg per hour is the standard
approach to initiate anticoagulation. The activated partial
thromboplastin time (aPTT) should be followed at 6-hour
intervals until it remains consistently in the therapeutic
range of 1.5 to 2.5 times the upper limit of the normal
range. Oral anticoagulation with warfarin can be started as
soon as the aPTT is within the therapeutic range. Patients
should receive at least 5 days of heparin while an adequate
level of oral anticoagulation is established. 

680 Section VIII: Profiles of Specific Disorders

Figure 30.3 Two-dimensional reconstruction of a four-chamber
view on multislice chest computed tomography in a patient with
acute pulmonary embolism (PE). Right and left ventricular dimen-
sions were measured by identifying the maximal distance between
the ventricular endocardium and the interventricular septum, per-
pendicular to the long axis. In acute PE, a right over left ventricular
dimension ratio �0.9 is associated with an increased risk for adverse
clinical events.

Figure 30.4 Mechanism of cardiac biomarker release in acute
pulmonary embolism. (Reprinted with permission from Kucher N,
Goldhaber SZ. Cardiac biomarkers for risk stratification of patients
with acute pulmonary embolism. Circulation 2003;108:2192.)

Figure 30.5 Incorporation of cardiac biomarker test results into
the algorithm for the treatment for patients with acute pulmonary
embolism. BNP, B-type natriuretic peptide; RV, right ventricular.
(Reprinted with permission from Kucher N, Goldhaber SZ. Cardiac
biomarkers for risk stratification of patients with acute pulmonary
embolism. Circulation 2003;108:2193.



Therapy with low–molecular-weight heparin (LMWH)
is as safe and effective as therapy with unfractionated
heparin in hemodynamically stable patients with acute PE
(41,42). Extended 3-month monotherapy with enoxaparin
without warfarin appears to be as effective and safe in the
treatment of acute PE as unfractionated heparin bridged to
warfarin (43). The Food and Drug Administration (FDA)
has approved enoxaparin for outpatient treatment of
symptomatic deep vein thrombosis with or without PE, as
a bridge to warfarin. 

Pentasaccharides, such as fondaparinux, are anti-Xa
agents. They do not cause thrombocytopenia. Fondaparinux,
7.5 mg given subcutaneously once daily, is at least as effective
and safe as unfractionated heparin (44). Ximelagatran, an
oral direct thrombin inhibitor, is promising for the treatment
of acute deep vein thrombosis (DVT) with or without PE. In
a randomized trial of 2,489 patients with acute DVT, ximela-
gatran monotherapy was as effective and safe as enoxaparin
bridged to warfarin (45).

In PE patients with transient risk factors, such as
surgery or trauma, anticoagulation may be safely discon-
tinued after 6 months. In other patients, indefinite-
duration anticoagulation should be strongly considered.
The intensity of long-term anticoagulation is controversial
but will depend on the risk of both recurrent thromboem-
bolic and bleeding events. In PREVENT (46), a double-
blind randomized controlled trial of patients with idio-

pathic venous thromboembolism who had completed an
average of 6 months of full-intensity warfarin, low-inten-
sity warfarin (target International Normalized Ratio [INR]
of 1.5 to 2.0) for an average of 2 years reduced the recur-
rence rate by two-thirds. In the ELATE study of 739
patients with idiopathic venous thromboembolism (47),
indefinite-duration, full-intensity warfarin (target INR 2 to
3) was more effective than and as safe as indefinite-dura-
tion, low-intensity warfarin therapy (target INR 1.5 to
1.9). In the THRIVE III trial of 1,233 patients with venous
thromboembolism who had completed 6 months of anti-
coagulation with warfarin, an additional 18 months of
anticoagulation with ximelagatran (24 mg two times a
day) reduced the recurrence rate significantly compared
with placebo (48).

THROMBOLYSIS, CATHETER
INTERVENTION, AND SURGICAL
EMBOLECTOMY

Systemic thrombolysis is indicated in eligible patients with
massive PE. Thrombolysis is effective up to 2 weeks
after the onset of symptoms (Fig. 30.6; 49). The only con-
temporary FDA-approved thrombolytic regimen is a con-
tinuous intravenous infusion of 100 mg alteplase over 2
hours (50). 
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A B

Figure 30.6 A. A large embolus is present in the right pulmonary artery (arrow). B. After a 2-hour
infusion of rt-PA through a peripheral vein, there is pronounced resolution, with only a small amount
of residual thrombus in segmental branches. (Reprinted with permission from Goldhaber SZ, et al.
Acute pulmonary embolism treated with tissue plasminogen activator. Lancet 1986;2:886.



In the largest randomized controlled trial of patients
with submassive PE, heparin plus alteplase as a continuous
infusion over 2 hours was compared with heparin alone
(51). Alteplase markedly reduced adverse clinical events
from 25 to 11%; these events were defined as in-hospital
mortality or the need for cardiopulmonary resuscitation,
mechanical ventilation, administration of vasopressors,
secondary rescue thrombolysis, or surgical embolectomy.
There was no significant increase in major or intracranial
bleeding with alteplase among these carefully selected PE
patients. 

In submassive PE, thrombolysis remains controversial
because a reduction in mortality with thrombolysis has not
been shown. There are only 10 randomized PE trials of
thrombolysis versus heparin alone, with a total of 717
patients. In overview (52), there is a trend toward reduc-
tion of mortality in favor of thrombolysis (relative risk
0.63, 95% confidence interval 0.32 to 1.23). However,
thrombolysis was associated with a twofold increase in the
hazard of major hemorrhage (relative risk 1.76, 95% confi-
dence interval 1.04 to 2.98). Therefore, low-risk PE patients
with preserved systemic arterial pressure and normal
right ventricular function should not be treated with
thrombolysis. 

Catheter intervention is a promising alternative to throm-
bolysis or surgical embolectomy (53). The Greenfield suc-
tion embolectomy catheter is the only PE catheter device
approved by the Food and Drug Administration (54).
Thrombus fragmentation without embolectomy using bal-
loon angioplasty (55) or a pigtail rotational catheter (56)
has also been reported. Mechanical or rheolytic embolec-
tomy devices, such as the AngioJet (Possis Medical,
Minneapolis, MN) or Hydrolyser (Cordis, Warren, NJ) have
been developed for indications other than PE but have been
investigated in PE cohort studies (57). Catheter interven-
tions can be combined with local or systemic thrombolysis. 

Surgical pulmonary embolectomy should be considered in
patients with massive PE and cardiogenic shock in the set-
ting of (1) a high bleeding risk, (2) failed thrombolysis, (3)
the presence of right atrial or ventricular thrombi, or (4)
the need for other cardiac surgery, such as closure of an
atrial septal defect or patent foramen ovale in a patient
who has suffered a paradoxical embolism (53). The opera-
tion involves a median sternotomy, cardiopulmonary
bypass, and deep hypothermia with circulatory arrest peri-
ods. Mortality in patients with cardiogenic shock who
undergo emergency surgical embolectomy approximates
30% (58). If surgical embolectomy is performed prior to
the onset of cardiogenic shock, the mortality rate may be
lowered to about 10% (59). 

The principal indications for vena caval filter placement
are major contraindications to anticoagulation and recur-
rent venous thromboembolism despite therapeutic levels
of anticoagulation. In the United States, a survey of 183
institutions found a high rate (24%) of vena caval filter
insertion in patients with newly diagnosed acute deep vein

thrombosis (60). Unfortunately, patients with filters are
more than twice as likely as nonfilter patients to require
rehospitalization for deep vein thrombosis owing to for-
mation of thrombus proximal to or on the proximal tip of
the filter (61). Procedure-related complications are rare
and include filter migration or improper filter positioning.
Occasionally, the inferior vena cava may be completely
obstructed by filter thrombosis. 

Temporary filters have been placed in patients deemed
at high risk for either thrombotic or bleeding events (62).
Retrievable filters can be removed within several months or
can be left in place because of a persistent contraindication
to anticoagulation. Whenever possible, anticoagulation
should be administered to prevent filter thrombosis.

Overall Management Strategy

Treatment decisions in patients with acute PE require rapid
and accurate risk stratification (Fig. 30.7). In patients with
cardiogenic shock, consider thrombolysis, catheter embolec-
tomy, or surgical embolectomy. Management of patients
with submassive PE may warrant early aggressive interven-
tion. This will depend on the overall clinical state, cardiac
biomarkers, and right ventricular size and function. 

Case 1: Combined Approach of Suction Catheter
Embolectomy and Thrombolysis in a Patient with
Massive PE. A 78-year-old woman presented with marked
shortness of breath, persistent hypotension (systemic arter-
ial pressure 78/51 mm Hg), and right ventricular dilatation
and hypokinesis on echocardiogram. Pulmonary angiogram
showed a massive right pulmonary artery embolism as well
as a small left lung volume because of a prior thoracoplasty
to treat tuberculosis (Fig. 30.8A). She received heparin and
placement of a Greenfield filter. Hypoxemia persisted
despite ventilatory support. She developed melena on
heparin. Cardiac surgeons felt she would not survive

682 Section VIII: Profiles of Specific Disorders

Figure 30.7 Suggested pulmonary embolism management
strategy. RV, right ventricular; IVC, inferior vena caval; LMWH,
low–molecular-weight heparin.



surgical embolectomy because of the prior left lung thora-
coplasty. Because of her hemodynamic compromise, with
melena on heparin and surgical inoperability, aspiration
thrombectomy was undertaken in the catheterization labo-
ratory by Michael F. Meyerovitz, M.D., using the Meyerovitz
technique. The right common femoral vein was accessed
with a single wall puncture needle. A guidewire was
advanced across the Greenfield filter. A 7F pigtail catheter
was used with a tip-deflecting guidewire to enter the pul-
monary artery. The catheter was exchanged for a 9F multi-
purpose coronary guiding catheter. Pressures were as fol-
lows: 18 mm Hg (mean) in the right atrium, 90/18 mm Hg
in the right ventricle, and 90/40 mm Hg in the pulmonary
artery. Suction catheter embolectomy removed both fresh
and old clot from the pulmonary artery branches of the
upper and lower right lobar arteries. 

Systemic arterial hypotension persisted and, therefore,
50 mg of rt-PA was administered over 15 minutes through
the pulmonary artery catheter. Pulmonary angiography
then showed an approximately 30% reduction in the over-
all clot burden (Fig. 30.8B).

The procedure was complicated by a retroperitoneal
bleed that was corrected with 12 units of packed red blood
cells. The patient also developed pneumonia and acute res-
piratory distress syndrome. Nonetheless, her clinical picture
gradually improved. She was successfully weaned from the
ventilator and was transferred to a rehabilitation facility.
Two years later, the patient wrote: “I am able to get around
with a walker and portable canister of oxygen. I celebrated
my 80th birthday last May, so I guess I’m a tough old bird.” 

Case 2: Failed Aspiration Thrombectomy Followed by
Open Surgical Embolectomy. A 65-year-old dentist
underwent right frontal craniotomy for resection of a
malignant astrocytoma. He received venous thromboem-
bolism prophylaxis with heparin 5,000 U subcutaneously
twice daily and intermittent pneumatic compression
boots. Nevertheless, on postoperative day 11, he developed
pulmonary embolism with a systolic blood pressure of 100
mm Hg and severe right ventricular dysfunction on
echocardiogram. A right (Fig. 30.9A) and left (Fig. 30.9B)
pulmonary angiogram was done as a prelude to catheter
aspiration embolectomy, which yielded only a small
amount of thrombus (Fig. 30.9C) and did not improve his
clinical condition. A bird’s nest filter was then placed (Fig.
30.9D), and he was rushed to the operating room where a
large volume of thrombus was removed from the right
(Fig. 30.9E) and left pulmonary artery (Fig. 30.9F). He sub-
sequently recuperated uneventfully and is clinically stable
more than 2 years postoperatively. In his case, cardiac sur-
gical backup during interventional angiography was crucial
to ensure a successful outcome.

PULMONARY HYPERTENSION

Pulmonary hypertension represents a wide spectrum of
diseases, with varying prognoses and therapies. It is diag-
nosed in the presence of an elevated mean pulmonary
artery pressure �25 mm Hg at rest or �30 mm Hg during
exercise. Many patients with pulmonary hypertension have
passive elevation in pulmonary artery pressure owing to
left ventricular diastolic dysfunction, indicated by an ele-
vated left ventricular filling pressure. In 1998, the World
Health Organization reclassified pulmonary hypertension
(Table 30.1; 63). Pulmonary hypertension is common in
patients with lupus erythematosus, scleroderma, and other
collagen vascular disorders. Appetite suppressants have
been reported as a cause of pulmonary hypertension.
Pulmonary vein stenosis may cause pulmonary venous
hypertension. Pulmonary hypertension may develop in
patients with corrected congenital heart disease, mediastinal
fibrosis, or following catheter ablation of pulmonary veins. 
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Figure 30.8 A. Massive right main pulmonary artery embolism in
the presence of markedly diminished left lung volume owing to
prior thoracoplasty. B. Digital subtraction pulmonary angiography
immediately following combined suction catheter embolectomy
and thrombolysis. There is an approximately 30% reduction in over-
all clot burden compared with the baseline angiogram (A).
(Reprinted with permission from Goldhaber SZ. Treatment of acute
pulmonary embolism. In: Goldhaber SZ, ed. Cardiopulmonary
Diseases and Cardiac Tumors. Vol III, Braunwald E, series ed. Atlas
of Heart Diseases. Philadelphia: Current Medicine, 1995:3.1.)
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Figure 30.9 A. Massive right main pulmonary artery embolism. B. Massive left main pulmonary
artery embolism. C. Several centimeters of thrombus removed in the Interventional Laboratory.
D. Placement below the renal veins of a Bird’s Nest Filter. E, F. Large amount of thrombus surgically
extracted from the right and left pulmonary arteries, respectively.



Case 3: Management of Pulmonary Hypertension due
to Congenital Pulmonary Vein Stenosis. A 28-year-old
obese man presented for evaluation of progressive dysp-
nea, fatigue, and recurrent syncope. In addition to systemic
hypertension, past medical history was significant for an

unclear pulmonary vascular disease diagnosed in child-
hood, based on an abnormal ventilation perfusion scan
and increased pulmonary artery pressures on right heart
catheterization.

Chest CT revealed enlarged pulmonary arteries without
filling defects. Echocardiography showed right ventricular
dilatation with preserved systolic function. Catheterization
showed severe pulmonary hypertension: right atrium 10,
right ventricle 120/10, pulmonary artery 120/85/95, pul-
monary wedge 35 to 40, transpulmonary gradient 15 to
20, and left ventricle 150/20 mm Hg. 

Pulmonary capillary wedge angiography demonstrated
stenoses of all pulmonary veins as they entered the medi-
astinal reflections. For pulmonary vein angiography, a
trans-septal approach was used, via a modified 7 French
pigtail catheter, injecting �15 mL contrast over 1 second.
Gradients of 10 to 15 mm Hg were noted as the pulmonary
veins entered the left atrium, with narrowing of all pul-
monary veins to 2 to 4 mm maximal diameters compared
with 6 to 10 mm more distally (Fig. 30.10A, B). Obstructions
were sequentially dilated with balloons up to the adjacent
vessel diameter, hand inflated for 1 to 5 seconds until the
fluoroscopic waist disappeared, or until the balloon was
fully expanded. 

However, during the following 3 months, symptoms did
not improve despite anticoagulation plus antihypertensive
and diuretic therapy. Repeated catheterization documented
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WHO CLASSIFICATION OF PULMONARY
HYPERTENSION

TABLE 30.1

1. Pulmonary arterial hypertension
Idiopathic pulmonary arterial hypertension

— Sporadic
— Familial primary

Associated with
— Collagen vascular disease
— HIV infection
— Drugs or toxins
— Portal hypertension
— Congenital systemic to pulmonary shunts
— Persistent pulmonary hypertension of the newborn

2. Pulmonary venous hypertension
3. Pulmonary hypertension associated with disorders of the 

respiratory system and/or hypoxemia
4. Pulmonary hypertension caused by chronic thrombotic and/or

embolic disease
5. Pulmonary hypertension associated with miscellaneous diseases

A
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Figure 30.10 Isolated congenital pulmonary
venous obstructions in a 28-year-old patient are
demonstrated in the right upper (A) and the
left (B) pulmonary veins. After stent implantation
in the right upper pulmonary vein (C) and the
left pulmonary veins (D), pulmonary artery pres-
sures fell markedly, accompanied by improved
pulmonary blood flow and right ventricular
function.



pulmonary vein restenosis in all treated segments. Two 18-
mm Palmaz stents were implanted within the right upper
(Fig. 30.10C) and lower pulmonary veins on 12-mm and
9-mm balloons, respectively. A 30-mm Palmaz stent
(Johnson and Johnson Medical Supply, Inc.) was implanted
on a hand-inflated 14-mm balloon and postdilated with a
15-mm balloon, in the confluence of the left pulmonary
veins (Fig. 30.10D). Over the ensuing 2 months, symptoms
abated, and the 6-minute walk distance increased from 250
to 350 meters. The patient has returned to full activity
without restriction. Repeated hemodynamics, performed at 
6 years after stenting, revealed a cardiac output of �2.5
L/minute per m2; pressure recordings were as follows: right
atrium 6, right ventricle 40/6, pulmonary artery 40/20/28,
pulmonary wedge and left ventricular end-diastolic pressure
10, aorta 128/75/85 mm Hg. No angiographic restriction to
pulmonary venous flow was seen on pulmonary capillary
wedge angiography.

Chronic Thromboembolic Pulmonary
Hypertension (CTEPH) 

In 3–4% of patients with acute PE, the thromboembolic
burden does not resolve and causes CTEPH. Many patients
who develop CTEPH have neither a prior history of docu-
mented venous thromboembolism nor an identifiable
coagulopathy (64). Dyspnea with exertion and fatigue are
common complaints. The nonspecific nature of these find-
ings may substantially delay diagnosis. 

Chest CT demonstrates chronic thrombi and may reveal
other rare causes of pulmonary hypertension such as medi-
astinal fibrosis. Chest CT adds information to conven-
tional angiography, including vessel wall thickness and the
extent of pulmonary infarction, which may be helpful if
potentially important surgery is considered. Optimal can-
didates for surgery are patients with functional class II 
or III who have proximal-type CTEPH, with preferential
involvement of main and lobar pulmonary arteries. 

Pulmonary thromboendarterectomy (64) involves a
median sternotomy, cardiopulmonary bypass under deep
hypothermia and circulatory arrest. Incisions are made in
both pulmonary arteries. The surgeon creates an endarterec-
tomy plane and then dissects endothelialized thrombus
from as many involved pulmonary vessels as possible. The
two major causes of postoperative mortality are inability to
remove sufficient thrombotic material at the time of opera-
tion, resulting in persistent postoperative pulmonary
hypertension and right ventricular dysfunction; and severe
reperfusion lung injury. Overall mortality, which has con-
tinued to improve, is now �10% (65). 

Repeated balloon angioplasty of the pulmonary arteries
may be considered in patients who are not candidates for
surgery, including patients with comorbidities or those
with distal-type CTEPH (66,67). Lung transplantation is
rarely performed, but can be considered in patients in
whom thrombi are too distal to extract.

Case 4: Management of a Patient with Chronic
Thromboembolic Pulmonary Hypertension, Proximal
Disease. A 53-year-old man presented with gradually
worsening dyspnea on exertion. He complained of fatigue
and inability to work and pursue leisure activities without
marked shortness of breath. Echocardiography showed a
severely enlarged and somewhat hypertrophied right ven-
tricle with moderately reduced systolic function. The left
ventricle was relatively small with marked septal flatten-
ing and abnormal septal motion but preserved systolic
function.

At age 25, he had suffered bilateral deep venous throm-
bosis of the legs, but did not receive a prolonged course of
anticoagulation owing to a duodenal ulcer 3 years previ-
ously. At age 36, he presented with syncope accompanied
by tachycardia and diaphoresis. His electrocardiogram was
notable for atrial fibrillation and inverted T waves in leads
V1 through V3. Five years later, he complained of exer-
tional dyspnea. A lung scan showed perfusion defects that
were of high probability for pulmonary embolism. At that
time, his mean pulmonary artery pressure was 32 mm Hg,
and a pulmonary angiogram was reportedly positive for
pulmonary embolism. He was placed on warfarin.

Despite 12 years of anticoagulation, his dyspnea wors-
ened to the point where he could not pursue the active
lifestyle that he desired. Chronic pulmonary embolism
was suspected, and he was referred for possible pulmonary
thromboendarterectomy. Therefore, right heart catheteriza-
tion and pulmonary angiography were repeated.

Catheterization demonstrated a right atrial pressure of
10 mm Hg, right ventricular pressure of 55/10 mm Hg, and
pulmonary artery pressure of 55/28 mm Hg, with a mean
pulmonary artery pressure of 35 mm Hg. Pulmonary
angiography (Fig. 30.11A) revealed total occlusion of his
left lower lobe pulmonary arteries. He underwent pul-
monary thromboendarterectomy at Brigham and Women’s
Hospital. The surgeon endarterectomized multiple large
thrombi that were chronic and laminated (Fig. 31.11B).
The patient has subsequently done well and is no longer
incapacitated in any way. He runs a factory and hunts and
fishes in his leisure time.

Case 5: Management of a Patient with Chronic
Thromboembolic Pulmonary Hypertension, Proximal
and Distal Disease. A 57-year old woman presented
with profound shortness of breath and right-sided pleu-
ritic pain for 4 weeks, functional class IV. Past medical
history included a history of recurrent deep vein throm-
bosis and PE and antiphospholipid antibodies. Four
years previously, pulmonary angiography showed exten-
sive PE of the right pulmonary artery. Signs of chronic
embolism, including lumen irregularities and stenosis of
the main pulmonary artery, were also noted (Fig.
30.12A). Pressures were as follows: right atrium 9, right
ventricle 55/10, pulmonary artery 55/22/38, pulmonary
wedge 10 mm Hg. At that time, an inferior vena caval fil-
ter was placed.
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Now she was short of breath at rest. Pulse oximetry was
86% with 4 liters of supplemental oxygen. There was a
right ventricular parasternal heave and a prominent pul-
monary component of the second heart sound. Chest CT
revealed complete occlusion of the right main pulmonary
artery (Fig. 30.12B) and right atrial and right ventricular

enlargement (Fig. 30.12C). Right ventricular systolic dys-
function, dilatation, and pulmonary hypertension were
confirmed using bedside echocardiography. 

Right heart catheterization revealed the following pres-
sures: right atrium 9 mm Hg, right ventricle 76/22, pul-
monary artery 76/24/43, and pulmonary capillary wedge
4 mm Hg. Pulmonary thromboendarterectomy was per-
formed on cardiopulmonary bypass, with aortic cross-
clamping and circulatory arrest using repeated antegrade
and retrograde cardioplegia. A pulmonary arteriotomy in
the right main pulmonary artery was performed. Endar-
terectomy included complete thrombus extraction from
the right main, lobar, and segmental pulmonary branches
(Fig. 30.12D). The patient was discharged uneventfully on
postoperative day 14.

Three months later, the symptoms improved moder-
ately and her functional class improved from IV to II. Chest
radiograph showed persistent enlargement of central pul-
monary arteries, reduced vascularity in the right upper lung
field, and a raised right-sided diaphragm (Fig. 30.12E). 

Case 6: Management of a Patient with Chronic
Thromboembolic Pulmonary Hypertension, Distal
Disease. A 66-year old woman presented for evaluation of
worsening dyspnea and fatigue, functional class III. She
had ongoing therapy with warfarin for a history of idio-
pathic PE 1 year previously. Physical examination con-
firmed brachial cuff arterial blood pressure of 140/70 mm
Hg, pulse 110, respirations 16 per minute, and jugular
venous pressure 10 to 12 cm. Resting pulse oximetry was
92%, decreasing to 84% during 6 minutes walking.
Baseline pulse oximetry rose to 98% with 4 liters supple-
mental oxygen. There was a right ventricular parasternal lift
and hepatomegaly palpable three fingerbreadths below the
right costal margin. Edema was present to the knees bilat-
erally. 

Transaminases and bilirubin were twice the upper limit
of normal. Six-minute walk distance was 160 meters. Chest
CT showed diffuse obstructions of subsegmental pul-
monary arteries. 

Right heart catheterization revealed oximetric satura-
tions of 74% in the superior vena cava, right atrium, right
ventricle, and pulmonary artery. Pulse oximetry was 92%
with 2 liters supplemental oxygen. Pressure recordings
were as follows: right atrium 10, right ventricle 80/10, prox-
imal pulmonary artery 80/30/45, pulmonary capillary
wedge 10 mm Hg. 

Superselective angiography was performed with a
modified 7 French pigtail catheter, injecting 15 mL con-
trast in 1 second. Cutoffs, webs, and obstructions were
diffuse, but most prominent in the lower lobe vessels
(Figs. 30.13A and D). A highly maneuverable, soft 0.035-
inch wire was used to facilitate entry into stenosed and
occluded arteries. Medial and lateral basal segments of
the right lower lobe were sequentially dilated with bal-
loons, 75 to 100% vessel diameter, hand inflated for 1 to
5 seconds until the fluoroscopic waist disappeared or
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Figure 30.11 A. Left pulmonary arteriogram of a 53-year-old
man with chronic pulmonary embolism causing total occlusion of left
lower lobar pulmonary arteries. B. This patient underwent pul-
monary thromboendarterectomy at Brigham and Women’s Hospital,
where large and extensive thrombi were surgically removed. The
specimen contains laminated thrombus that is adherent to the
endothelial wall of the endarterectomy.



until the balloon was fully expanded. Follow-up catheter-
ization at 6 weeks documented patency of previously
dilated right lower lobe branches, without measurable
gradient (Fig. 30.13D). Medial and lateral basal seg-
ments of the left lower lobe were approached and
sequentially dilated with balloons 75 to 100% vessel
diameter, until vessel size increased �50%, with improved
angiographic transit time (Fig. 30.13C). Final pulmonary
artery pressures were 38/20/28 mm Hg. 

Four years after dilations, she had a 6-minute walking
distance of 350 meters. Repeat catheterization confirmed
patency of dilated pulmonary artery branches, with a pul-
monary artery pressure �30% systemic levels.

Idiopathic Pulmonary Arterial 
Hypertension (IAPH)

IAPH, formerly known as primary pulmonary hyperten-
sion, is a disease affecting the pulmonary vasculature,
resulting in pulmonary hypertension from no apparent
cause. The annual incidence is about one to two cases per
million. Prognosis among historical controls is poor.
Before the era of modern therapy, the National Institutes of
Health Registry estimated a median survival of 2.8 years
(68). Survival rates used to be 68%, 48%, and 34% at 1, 3,
and 5 years, respectively.

Endothelial dysfunction occurs early in the pathogenesis
of IAPH (69,70). Disorganized endothelial cell proliferation

results in the formation of glomeruloid structures known as
plexiform lesions. In addition, endothelial and vascular
smooth muscle cells mediators, including nitric oxide,
prostacyclin, endothelin-1, thromboxane, vascular endothe-
lial growth factor (VEGF), polyamines, and xanthine oxi-
doreductase contribute to vasoconstriction. Inflammation is
an important component, mediated by increased levels of
cytokines from lymphocytes and macrophages. Thrombotic
lesions are common in patients with IAPH because the dys-
functional endothelium contributes to the hypercoagulable
state. A genetic predisposition in 10% of patients with IAPH
has been suggested. Although the spectrum of trigger factors
is wide, infection with the human herpesvirus 8 may have
an important role in pathogenesis (71).

Anticoagulation with warfarin (target INR 2.0 to 3.0) is
standard therapy and improves survival in patients with
IAPH (72). Calcium channel blockers, including long-
acting nifedipine, amlodipine, or diltiazem, have been
used the longest and are effective in about 10% of patients
(Table 30.2; 72).

Continuous-infusion epoprostenol is the most effective
therapy. Epoprostenol improves symptoms, exercise capac-
ity, hemodynamics, and survival owing to its vasodilator,
antithrombotic, and positive inotropic effects (73–76).
Benefits are also observed in nonresponders to acute
vasodilator challenge. The major drawback is that it is
administered via a surgically implanted central line and
delivered by an ambulatory infusion pump. Life-threatening
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Figure 30.12 Selective cut-film pulmonary angiogram of the right pulmonary artery, with lumen
irregularities and stenosis of the right main pulmonary artery (A). Note the rapid tapering of the lower
lobe pulmonary artery, suggesting distal involvement. The right upper lobe pulmonary artery is com-
pletely occluded. Four years later, multislice chest CT demonstrates complete occlusion of the right
main pulmonary artery (arrow, B). An axial image from the same CT study demonstrates right atrial
(RA) and right ventricular (RV) enlargement (C). Surgically extracted thrombotic material from the right
pulmonary artery (D). Chest radiograph showed persistent enlargement of the right pulmonary artery,
reduced vascularity in the right upper lung field, and a raised right-sided diaphragm (E).



rebound pulmonary hypertension may occur when the
infusion is interrupted. Common side effects include
flushing, headache, diarrhea, nausea, thrombocytopenia,
and jaw discomfort. 

The prostacyclin analog, treprostinil, has been recently
approved by the FDA and is administered as a continuous
subcutaneous infusion (77). Pain at the infusion site is
common and limits its use. 

The aerosolized analog, iloprost, is not available in the
United States. It is effective in improving symptoms and
exercise capacity (78,79). It needs to be inhaled up to 12
times per day owing to its short half-life. Oral prostacyclin
derivatives, such as beraprost sodium, improve symptoms
and exercise capacity but have no beneficial hemodynamic
effects (80). 

Bosentan, a nonselective endothelin receptor antagonist,
was approved by the FDA for patients with functional class
III or IV symptoms. It reduces major adverse clinical events,
including death, lung transplantation, hospitalization, or
the need for epoprostenol (81,82). Bosentan may elevate
transaminase levels, which must be monitored periodically. 

Sildenafil, an oral phosphodiesterase-5 inhibitor,
increases cyclic guanosine monophosphate (GMP) simi-
larly to nitric oxide. It appears to be highly effective in

improving symptoms and hemodynamics, even when
added to standard treatment (83–87).

Patients with less severe symptoms (functional class II
or III) and less advanced hemodynamic alterations may be
started on oral therapy, such as bosentan, sildenafil, or
both. Functional class IV patients are usually treated with
continuous-infusion epoprostenol. In addition to moni-
toring symptoms and hemodynamics, serial measurements
of BNP may be helpful in guiding treatment decisions in
patients with IAPH (88). Many patients will not respond to
one regimen but will benefit from another. Drug combina-
tion therapy is becoming standard.

Case 7: Management of a Class III Patient with
Primary Pulmonary Hypertension. A 21-year-old woman
presented for evaluation of progressive dyspnea and
fatigue, functional class III. There was no personal or fam-
ily history of venous or arterial thrombosis, congenital
heart or liver disease, or rheumatologic disease. The
patient did not use oral contraceptives, stimulants, or diet
medications. 

Physical examination was remarkable for brachial cuff
arterial blood pressure 100/80 mm Hg, pulse 110, respira-
tions 16 per minute, and jugular venous pressure 14 cm.
Resting pulse oximetry was 88%, decreasing to 80% with
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Figure 30.13 Subselective left (A, B, C) and right (D, E, F, G) lower lobe pulmonary angiographic
images in a patient with distal chronic thromboembolic pulmonary hypertension. Matched cinean-
giograms (A–G) accompany images (see enclosed CD). Cutoffs of medial and lateral basal lower
lobe vessels (A, D) were noted (arrows). In serial sessions, highly maneuverable, soft-tipped 0.035-
inch diameter wires were passed beyond the obstructions, and balloon dilations (C, E, F) were per-
formed using angioplasty balloons sized 75 to 100% diameter of the native vessel. Balloon pul-
monary angioplasty resulted in decrease of pulmonary artery pressure, pulmonary vascular
resistance, and recruitment of medial and lateral basal lower lobe branches (C, G).



6 minutes of walking. Baseline oximetry rose to 92% with 4
liters of supplemental oxygen. There was a diffuse prolonged
right ventricular impulse over the sternum. The liver was
enlarged and palpable two fingerbreadths below the right
costal margin. Edema was present to the knees bilaterally.

Chest radiograph revealed enlarged pulmonary arteries
with distal loss of vascularity. Contrast echocardiography
revealed a patent foramen ovale with right-to-left shunt.
Chest CT showed no proximal or distal obstruction of pul-
monary arteries. Six-minute walk test distance was 170
meters.

At catheterization, she had severe pulmonary hyperten-
sion (Table 30.3). Pulmonary angiography showed decreased
branching patterns (referred to as “pruning”) of the distal
pulmonary arteries, with slow transpulmonary transit time,
without evidence of pulmonary arterial or venous obstruc-

tion. In addition, bilateral pulmonary arteriovenous mal-
formations were noted (Fig. 30.14). The patient was a non-
responder to acute vasodilator testing with inhaled nitric
oxide. Nevertheless, intravenous epoprostenol was begun
via a central line. Her side effects included flushing, bone
aches, and episodic catheter-related infection. One year
after therapy was instituted, the epoprostenol dose was
50 ng/kg per minute. Her functional class improved from
class III to II, and the 6-minute walk distance and hemody-
namics also improved. However, epoprostenol-related bone
pain required narcotics. Nosebleeds were increasingly fre-
quent and required posterior packing on several occasions. 

The endothelin antagonist, bosentan, was initiated at
62.5 mg orally twice daily and raised to 125 mg twice daily
after 1 month. Over a 4-month period, epoprostenol was
successfully tapered and then discontinued.
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DRUGS FOR PULMONARY HYPERTENSION
TABLE 30.2

Nifedipine
Diltiazem

Bosentan (oral)

Sildenafil (oral)

Beraprost (oral)

Epoprostenol 
(continuous IV via
central line)

Treprostinil (continuous 
SC)

Iloprost (inhaled)

30–90 mg TID 
60–240 mg TID

62.5 mg BID (4 weeks), 
then 125 mg BID

50 mg TID

20–120 
g QID

2.0–50.0 ng/kg per min,
increments by 2 ng/kg
per min 

1.25–40 ng/kg per min, 
increments by 1.25
ng/kg per min

2.5–5.0 
g
6 or 12 times per day

Improves symptoms and survival in 10–20%
patients (72)

Improves symptoms and time to death, lung
transplant, or hospitalization (81,82)

Improves symptoms and hemodynamics
when added to standard therapy (83–87)

Improves symptoms but not hemodynamics 
(80)

Improves symptoms and survival in 
responders and nonresponders to acute 
vasodilator challenge (73–76)

Improves symptoms and hemodynamics (77)

Improves symptoms and hemodynamics 
(78,79)

HEMODYNAMICS IN A PATIENT WITH IDIOPATHIC PULMONARY
ARTERIAL HYPERTENSION

TABLE 30.3

Baseline At 12 Months At 16 Months

Epoprostenol — 50 ng/kg per min —
Bosentan — — 125 mg BID
Six-minute walking distance, meters 170 245 255
Right atrial pressure, mm Hg 15 8 8
Pulmonary artery pressure, mm Hg 125/70/85 110/40/70 110/40/70
Aortic pressure, mm Hg 100/65/75 140/70/95 140/70/95
Pulmonary capillary wedge pressure, mm Hg 10 4 5
Cardiac index, L/min per m2 2.3 2.8 2.8
Pulmonary resistance, Wood units �30 22 23
Qp/Qs 0.8 1.0 1.0

Drug Dose Efficacy
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Cardiomyopathy and 

Congestive Heart Failure
James C. Fang Andrew C. Eisenhauer

Heart failure is a chronic progressive condition that arises
when the heart cannot provide adequate cardiac output to
meet the systemic metabolic demands or cannot accom-
modate the venous return without elevation of filling pres-
sure. This process may be initiated by any primary insult to
the myocardium: infarction, excessive loading, or a frank
disorder of the heart muscle itself—a cardiomyopathy.
Cardiomyopathies are generally divided into three cate-
gories: dilated, restrictive, and hypertrophic. Alternatively,
some authorities have divided patients based on whether
the clinical syndrome is owing to abnormal systolic function,
or to normal systolic function with abnormal diastolic fill-
ing (i.e., a restrictive or hypertrophic cardiomyopathy, also
known as “diastolic heart failure”). Abnormal diastolic
function is also seen with constrictive pericardial disease,
but is not a disorder of the heart muscle per se (see Chapter
32).

Heart failure is in part due to the adverse effects of ongo-
ing neurohormonal activation. There is a fairly good corre-
lation between clinical manifestations and the hemody-
namic profile, and the most recent classification system
emphasizes the progression of hemodynamic and neuro-
humoral stages, rather than the traditional New York Heart
Association (NYHA) functional classification (which may
wax and wane over time). Patients thus evolve from being at
risk for developing heart failure (stage A), to structural heart
disease (stage B), to symptomatic heart failure (stage C), and
finally to medically refractory heart failure (stage D; 1).
Therapy is driven by both symptoms and the stage of dis-
ease and may include diuretic, vasodilator, and inotropic

therapies that target the hemodynamic derangements of
heart failure (low output, high resistance, elevated filling
pressures) and thereby improve symptoms. Antagonism of
the adrenergic and renin-angiotensin systems also helps to
prevent further injury to the myocardium and thereby slow
the progression of heart failure. 

Cardiac catheterization is performed in patients with
heart failure for several reasons: (1) to assess etiology, (2)
to define both resting and exercise hemodynamic status,
and (3) to evaluate therapeutic interventions. In most
patients with heart failure, all three goals can usually be
addressed in a single procedure. The hemodynamic profile
is generally characterized in the supine state, where resting
and exercise conditions can be studied (see Chapter 15),
although some centers prefer measurements in the upright
state, especially if exercise is being used for diagnostic or
prognostic purposes. After the hemodynamic assessment
has been completed, angiography should be performed to
define the coronary anatomy. Clinical criteria such as the
presence or absence of angina are poor predictors of the
presence or absence of clinically relevant coronary artery
disease (2). Ventriculography should also be considered to
assess systolic function, mitral regurgitation, and ventricu-
lar size and shape, although most patients will have had
echocardiographic assessment prior to catheterization. If
sufficient coronary artery disease is not present to explain
the degree of ventricular dysfunction, an endomyocardial
biopsy should be considered to help to define the etiology,
especially when a specific diagnosis is suspected on clinical
grounds (3). (See Chapter 20.) 



DILATED CARDIOMYOPATHY

There are many potential causes of dilated cardiomyopathy
(Table 31.1). The noninvasive clinical assessment may sug-
gest a specific diagnosis such as sarcoidosis or Chagas dis-
ease, but in most instances the cause will remain unde-
fined (i.e., idiopathic). Idiopathic cardiomyopathy most
likely represents the sequelae of prior myocarditis (4) or a
genetic mutation (5). Only a few etiologies have patho-

gnomonic histologic findings, but endomyocardial biopsy
may be helpful in confirming or excluding those diseases.
In 1,230 patients who underwent endomyocardial biopsy
at the Johns Hopkins Hospital for unexplained heart fail-
ure, only 15% had a specific histologic diagnosis (3), but
using the results of the endomyocardial biopsy in combi-
nation with clinical information, a specific cause was even-
tually determined in 50% of the patients. Similarly, cardiac
catheterization including coronary angiography is recom-
mended for most patients with new-onset heart failure
from dilated cardiomyopathy, since the noninvasive assess-
ment of ischemic heart disease can be misleading (2), and
heart failure from ischemia is one of the few etiologies
reversible (by revascularization assuming sufficient myocar-
dial viability is present; 4–7). Ventriculography also allows
assessment of mitral regurgitation and dyskinesis, both of
which can be targeted surgically (Fig. 31.1).

Invasive hemodynamic assessment is also important,
since the physical examination may underestimate the
degree of congestion (8) and noninvasive methods are lim-
ited in accuracy (9). Although baseline hemodynamic pro-
files are not unique to particular cardiomyopathies (10),
definition of the hemodynamic profile can be used to opti-
mally titrate vasodilators and diuretics (11). In some
instances, this tailored management adjusted with an
indwelling Swan-Ganz catheter over 48 hours can obviate
the need for cardiac transplantation (12). Furthermore, a
detailed hemodynamic profile provides prognostic infor-
mation (13,14). In a consecutive series of 152 advanced
heart failure patients referred to UCLA for cardiac
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CAUSES OF DILATED CARDIOMYOPATHIES 
(IN ORDER OF DECREASING FREQUENCY)

TABLE 31.1

Idiopathic cardiomyopathy
Familial
Viral

Ischemic heart disease
Myocarditis

Chagas
Enteroviruses (i.e., Coxsackie A/B)
Sarcoid
HIV
Drugs (i.e., anthracyclines) 

Alcohol
Cocaine
Peripartum
Rheumatologic disorders (i.e., lupus)
Endocrine disorders (i.e., pheochromocytoma, hypothyroidism)

Figure 31.1 Left ventriculography in dilated cardiomyopathy at end-diastole (A) and end systole
(B). This patient sustained an anterior myocardial infarction several years prior to presentation owing
to single-vessel left anterior descending disease. The ventricle is now diffusely hypokinetic with a
dyskinetic anterior wall. Postinfarct remodeling accounts for the enlargement of the ventricle and
hypokinesis in the other (noninfarcted) territories. The lack of significant mitral regurgitation proba-
bly explains his relatively preserved exercise capacity.

A B



transplantation, the presenting capillary wedge pressure
(mean of 28 mm Hg) was not predictive of survival, but
the ability to reduce the pulmonary capillary wedge pres-
sure to �16 mm Hg by the end of the hospitalization was
predictive of outcome with a 1-year survival of 83% (com-
pared with 38% if the filling pressures could not be so low-
ered by the end of hospitalization). The effect was inde-
pendent of the final cardiac index achieved (13). 

Responses to exercise, vasodilators, and inotropes are
also optimally assessed with invasive hemodynamic mea-
surements, although it should be noted that hemodynam-
ics may improve significantly in the absence of drug therapy
over time presumably due to favorable changes in adrener-
gic tone. In 21 patients who had their hemodynamics seri-
ally assessed over a 24-hour period, the cardiac index (CI)
rose by an average of 0.23 L/minute per m2 and the left
ventricular filling pressure decreased by 5.9 mm Hg (15).
Some patients even had spontaneous improvements that
rivaled the effects of oral and intravenous vasodilator ther-
apies. Postprandial improvements were also seen, confirm-
ing the importance of studying patients in the fasting state. 

Case 1: Progressive Dyspnea in a Patient With Dilated
Cardiomyopathy. A 50-year-old man presented with wors-
ening exertional dyspnea, 4 years after presenting with
new-onset heart failure. Evaluation at that time included
compensated hemodynamics, normal coronary angiogra-
phy, and an ejection fraction of 10% with an end-diastolic
dimension of 7.2 cm plus moderately severe mitral regurgi-
tation. An endomyocardial biopsy demonstrated myocyte
hypertrophy and interstitial fibrosis. With an ACE
inhibitor, a beta-blocker, digoxin, and diuretics, he
improved to NYHA II, and cardiac transplantation was
deferred because of his preserved functional capacity and a
maximal oxygen consumption of 17 mL/kg per minute.
One year ago, repeat right heart catheterization demon-
strated compensated hemodynamics at baseline but signif-
icant increases in wedge and pulmonary pressures with
exercise. Biventricular pacing with an implantable cardiac
defibrillator improved his symptoms and increased his
oxygen consumption to 19 mL/kg per minute.

Over the past few weeks, however, he developed increas-
ing dyspnea and orthopnea despite an augmented diuretic
regimen. Repeat cardiopulmonary exercise testing demon-
strated a fall in his oxygen consumption to 15 mL/kg per
minute, and he was readmitted for transplant evaluation.
Repeat right heart catheterization demonstrated elevated
pressures that were responsive to acute vasodilator therapy
with nitroprusside and were reproduced with oral vasodila-
tors and diuretics (see Table 31.2). He returned to NYHA II,
and cardiac transplantation was again deferred.

Illustrative Points. Ambulatory patients with dilated car-
diomyopathies are usually characterized by a relatively low
normal resting cardiac output and a modest elevation in
both right- and left-sided filling pressures. In advanced heart
failure, the systemic vascular resistance rises significantly in
response to the reduced cardiac output and neurohormonal
response and may be quite elevated despite a reduced sys-
tolic blood pressure of 80 to 100 mm Hg. In 1,000 consec-
utive patients with chronic heart failure electively referred
for transplantation (mean ejection fraction [EF] 22%, end-
diastolic dimension 7.3 cm, NYHA class 3.4), the initial
right atrial pressure was 11  7 mm Hg, the pulmonary cap-
illary wedge pressure was 25  9 mm Hg, the pulmonary
arterial (PA) systolic pressure was 50  16, the cardiac index
was 2.1  0.7 liter/minute per m2, and the systemic vascular
resistance was 1,610  610 dynes·sec·cm�5 (16). The right
atrial (RA) pressure is typically 50 to 60% of the pulmonary
capillary wedge (PCW) pressure and often correlates with
left-side filling pressures regardless of heart failure etiology
or tricuspid regurgitation. In the series of patients reported
by Drazner (16), the positive predictive value of a RA �10
mm Hg for a PCW �22 was 88% (Fig. 31.2). The PCW usu-
ally corresponds with the PA systolic pressure (usually 50%
of the PA systolic) as well as the PA diastolic pressure (PAD;
usually within 1 to 2 mm Hg of PCW) as long as pulmonary
vascular resistance is �2 Wood units (17). Right ventricular
pressure can also be used to estimate the PAD, since right
ventricular pressure closely approximates pulmonary end-
diastolic pressure at the time of pulmonary valve opening
(maximal right ventricular dP/dt (Fig. 31.3; 17). 
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SERIAL HEMODYNAMICS IN CHRONIC HEART FAILURE OWING 
TO AN IDIOPATHIC DILATED CARDIOMYOPATHY

TABLE 31.2

PCW (mean
Year RA and V wave) PA CO PVR MAP SVR

2000 (first diagnosis) 10 15 36/13/24 4.5 160 70 1067

2003 (baseline) 5 15/25 36/13/24 4.4 167 70 1181
2003 (exercise) 32/48 73/28/51 9.3 163

2004 (baseline) 9 25/35 53/22/37 2.5 234 75 2112
2004 (nitroprusside) 5 16/20 30/16/22 4.5 107 60 978

RA, right atrial; PCW, pulmonary capillary wedge; PA, pulmonary artery; MAP, mean arterial pressure 
(mm Hg); CO, cardiac output (liters per minute); SVR, systemic vascular resistance, in dyne-sec-cm
(exponent minus 5).



Pulmonary hypertension is also common in dilated car-
diomyopathy and is predictive of prognosis. In patients
with dilated cardiomyopathy and myocarditis, every 5 mm
Hg rise in the mean pulmonary artery pressure increased
mortality, with a relative hazard ratio of 1.85 (1.50 to 2.29;
10). In most patients, the pulmonary vascular resistance
will be modestly elevated but still less than 2.5 Wood
units. In other patients, more severe pulmonary hyperten-
sion and increases in pulmonary vascular resistance may
be present if the heart failure is chronic or associated with
significant mitral regurgitation or concurrent pulmonary
disease (see later transplant case presentation). 

Advanced heart failure in dilated cardiomyopathy is
characterized by biventricular failure. The right atrial pres-

sure waveform will demonstrate steep x and y descents
indicative of severe volume overload and right ventricular
systolic and diastolic dysfunction (Fig. 31.4A). Lack of the
normal inspiratory fall (or an actual increase) in the right
atrial pressure, i.e., the Kussmaul sign, is also common as
the result of pericardial constraint in the massively dilated
heart, significant tricuspid regurgitation, and right ventric-
ular diastolic dysfunction. The y descent is typically very
steep as a result of concomitant tricuspid regurgitation and
poor right atrial compliance from excessive volume over-
load. The right ventricular diastolic waveform may also
demonstrate a prominent y descent during rapid early
diastolic filling, which becomes more prominent during
inspiration (Fig. 31.4B). The pulmonary capillary wedge

Chapter 31: Cardiomyopathy and Congestive Heart Failure 697

RESTING AND EXERCISE HEMODYNAMICS AFTER CARDIAC
TRANSPLANTATION

TABLE 31.3

Parameter Rest Exercise

Right atrial pressure (mm Hg) 6  2 14  7
Pulmonary artery pressure (mm Hg) 18  3 32  9
Pulmonary capillary wedge pressure (mm Hg) 10  3 20  6
Cardiac output (L/min) 5.0  0.9 9.9  1.7
Stroke volume (mL) 55  9 77  13
Heart rate (bpm) 90  11 122  18
Mean arterial pressure (mm Hg) 91  12 102  14
Systemic vascular resistance (Wood) 17.7  4.0 9.3  2.4

Hosenpud JD, Morton MJ. Physiology and hemodynamic assessment of the transplanted heart. In: Cardiac
Transplantation. 164–189. 

Figure 31.2 The relationship between (A) right atrial (RA) and pulmonary capillary wedge (PCW)
pressure and (B) pulmonary capillary wedge pressure and pulmonary artery (PA) systolic pressure in
1,000 consecutive patients with chronic heart failure. (Reproduced with permission from Drazner
MH, et al. Relationship between right and left-sided filling pressures in 1000 patients with advanced
heart failure. J Heart Lung Transplant 1999;18:1126.)
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pressure may demonstrate a prominent V wave that may
exceed twice the magnitude of the post A-wave pressure
owing to reduced left atrial compliance, even in the absence
of severe mitral regurgitation (Fig. 31.4C). The V wave may
even be discernible in the pulmonary arterial waveform
(Fig. 31.4E). The left ventricular pressure tracing is charac-
terized by an elevation in pressure throughout early dias-
tole. The systolic left ventricular waveform may be triangu-
lar owing to the reduced � and � dP/dt, and there may be
loss of the normal improvement in dP/dt with increasing
heart rate (Bowditch treppe effect). The arterial waveform
demonstrates a narrow pulse pressure (pulsus parvus),
which may be �25% of the systolic pressure when the car-
diac index falls below 2.2 liters/minute per m2 (8). In
severe heart failure, there may also be pulsus alternans
(Fig. 31.4D), owing to oscillations in myocardial contrac-
tility with cyclic changes in cytosolic calcium (18,19). 

A common misconception about dilated cardiomyopa-
thy is that elevated filling pressures are required to maxi-
mize preload-sensitive contractility (Starling’s law). Severe
left ventricular dysfunction can be well tolerated with well-
compensated hemodynamics, concomitant satisfactory
functional capacity comparable to transplantation (20),
and reasonable long-term survival. In fact, a low ejection
fraction alone is not an indication for cardiac transplan-
tation for either morbidity or mortality reasons (21). In
patients with dilated cardiomyopathy, stroke volume,
stroke work index, and cardiac output can be maximized at
pulmonary capillary wedge pressures as low as 10 mm Hg
(Fig. 31.5; 22), and there is no justification for insufficient
diuresis and dyspnea resulting from inadequate lowering
of filling pressures. In 754 consecutive patients with
chronic heart failure referred electively for cardiac trans-
plantation, tailored doses of vasodilators and diuretics
increased the cardiac index from 2.1  0.7 to 2.6  0.6
L/minute per m2 despite a fall in the pulmonary capillary

wedge pressure from 25  9 to 16  6 mm Hg. In part, this
improvement in forward cardiac output despite significant
reduction of filling pressures is due to a decrease in mitral
regurgitation caused by favorable changes in ventricular,
atrial, and mitral annular geometry. This change can cause
an increased forward stroke volume rather than an increase
in total stroke volume (23,24). Left ventricular myocardial
systolic performance can also improve due to elimination
of right ventricular volume overload (7) whereas myocardial
diastolic performance can improve due to reduced myocar-
dial turgor that follows decreased venous congestion (25).

In general, optimization of hemodynamics is best
achieved with intravenous vasodilators and diuretics rather
than inotropic support. Vasodilator therapy takes advan-
tage of the inverse relationship between resistance and out-
put (Fig. 31.6) and is especially effective when systemic
vascular resistance is �2,000 dynes·sec·cm�5. Once an
optimal hemodynamic profile is achieved, the effects of
intravenous vasodilators such as nitroprusside are easily
replaced by oral vasodilators like ACE inhibitors (26),
hydralazine, and nitrates. Intravenous nitroprusside (27,28)
can be used even in the presence of relative hypotension
(systolic blood pressure �100 mm Hg) if the hypotension
is the result of low cardiac output and high vascular resist-
ance. If clinically significant ischemia is present, intra-
venous nitroglycerin is preferred over nitroprusside
owing to considerations of coronary steal. Intravenous
nitroglycerin and nesiritide (29,30) can also be used to
acutely improve the hemodynamics, especially when pul-
monary hypertension and high central venous pressures
are present. 

The use of inotropic agents to optimize hemodynamics
becomes limited by the inability to replace the direct
inotropic effects with oral vasodilators. Clinical trials have
suggested a worsening of mortality with intermittent use of
inotropes for the longitudinal management of heart failure
(31), but some patients may still require inotropic support
despite attempts to tailor their hemodynamics with
vasodilators and diuretics. Such patients in general will be
bridged to more definitive treatments such as mechanical
support or cardiac transplantation. Inotropic agents, such
as phosphodiesterase inhibitors (i.e., milrinone) or beta
agonists (i.e., dobutamine), will increase contractility
(�dP/dt) and also decrease early and late diastolic pres-
sures through their lusitropic (�dP/dt) effects (Fig. 31.7;
32). Milrinone is also a vasodilator, which can augment
the cardiac output over and above its direct inotropic
action (33).

In chronic heart failure, hemodynamic goals include a
right atrial pressure �10 mm Hg, pulmonary capillary
wedge pressure �15 mm Hg, and a systemic vascular
resistance of �1,200 dynes·sec·cm�5, maintaining a sys-
tolic blood pressure �80 mm Hg or higher to avoid light-
headedness (12). Cardiac output can be measured reliably
with the thermodilution technique in advanced heart fail-
ure, even in the presence of moderate to severe tricuspid
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Figure 31.3 The pulmonary artery diastolic (PAD) pressure can
be estimated from the right ventricular pressure (RVP) tracing
since PAD is equal to right ventricular pressure at the maximal
dP/dt (see asterisk). (Reproduced with permission from Reynolds
DW, et al. Measurement of pulmonary artery diastolic pressure
from the right ventricle. J Am Coll Cardiol 1995;25:1176.)
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regurgitation (34,35). It may even be preferred over the
Fick method with assumed (rather than measured) oxygen
consumption. It is rare that hemodynamic monitoring is
required for �72 hours to tailor hemodynamics in chronic
heart failure, but some chronic monitoring is better than
relying solely on measurements in the catheterization lab-
oratory (15). Because hemodynamic goals are tailored and
achieved in the supine position, the tolerability of an oral
vasodilator regimen should be assessed after 24 hours of
ambulation. With careful attention to volume status and
vasodilators in follow-up, these hemodynamic profiles can
also be maintained for months and years. 

Exercise hemodynamic responses can be used to delin-
eate the cause of persistent dyspnea, especially when rest-
ing hemodynamics are unremarkable or to assess cardio-

vascular reserve and prognosis (36). (See Chapter 15.) Most
laboratories are not equipped to perform upright exercise
protocols, so supine exercise strategies are often used. At
the Brigham and Women’s Hospital, we favor supine bicy-
cling (with a specially designed bicycle) or arm exercise (by
having the patient “bench press” saline or sandbags placed
in both hands) until the patient becomes breathless or
fatigued. We generally target at least a 50% increase in
heart rate. Dramatic elevations in the pulmonary capillary
wedge pressure and pulmonary arterial pressure with exer-
cise despite “normal” or compensated hemodynamics at
rest will confirm heart failure as the cause of exercise intol-
erance in such patients. Characteristically, a prominent V
wave will also be present and will reflect worsening mitral
regurgitation as well as poor atrial and ventricular compli-
ance (Fig. 31.8). Cardiovascular reserve, by assessing the
cardiac output response to exercise, is also used by some
centers to assess prognosis, especially when the oxygen
consumption is modestly reduced in the 10 to 18 mL/kg
per minute range. At low levels of exertion, an increase in
left ventricular end-diastolic volume and filling pressure
are the primary determinants of stroke volume through the
Starling mechanism. At high levels of exertion, tachycardia
is accompanied by a decrease in end-diastolic volume
despite a progressive increase in filling pressure, so that
stroke volume must be maintained by a decrease in end-
systolic volume. Beyond this point, increases in cardiac
output are entirely due to increases in heart rate because
the stroke volume is fixed. The lower limit of normal for
the exercise cardiac output response is five times oxygen
consumption (L/minute) plus 3 L/minute (37). To make
these measurements, the laboratory must be equipped
with either a treadmill or stationary bicycle and have the
capacity to measure oxygen consumption simultaneously
(36).

HEART TRANSPLANTATION

Despite the radical nature of replacing the human heart
with another, the cardiac allograft has emerged as an effec-
tive way of restoring essentially normal cardiovascular
function in end-stage heart failure. However, the trans-
planted heart is subject to a number of post-transplant
factors that can influence cardiac function including de-
nervation, organ preservation/ischemic injury, myocardial
rejection, donor/recipient size mismatch, allograft coronary
artery disease, and hypertension/ventricular hypertrophy.
Initially, the transplanted heart also demonstrates a restric-
tive hemodynamic profile that resolves over days to weeks
(38,39), although less dramatic abnormalities in diastolic
function may persist (40-43, and Table 31.3). Resting con-
tractility and ejection fraction are relatively normal (44), but
total blood volume, cardiac volume, and end-systolic wall
stress increase even if myocardial mass is unchanged (38). In
general, mild impairment of ventricular functional reserve
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Figure 31.5 Maximal stroke volumes can be achieved at low fill-
ing pressures in advanced heart failure from dilated cardiomyopa-
thy. (Reproduced with permission from Stevenson LW, et al.
Maintenance of cardiac output with normal filling pressures in
patients with dilated heart failure. Circulation 1986;74:1303.)

Figure 31.6 The effects of acute administration of nitroprusside
on left ventricular filling pressures (LVFP) and stroke volume in
patients with advanced heart failure. Maximal stroke volume is pre-
served at pulmonary capillary wedge pressures as low as 10 mm Hg.
(Reproduced with permission from Guiha NH, et al. Treatment of
refractory heart failure with infusion of nitroprusside. N Engl J Med
1974;291:587.)



is present but demonstrable only with maximal exercise
stress and may be in part a result of decreases in coronary
flow reserve (45). The primary limitation in maximal car-
diac output is due to the denervated heart having a blunted
heart rate response, and the Frank-Starling mechanism is
exhausted early in the response to supine (46,47) and
upright exercise (48). This is partially offset by an increased
sympathetic sensitivity, with dependence on circulating
catecholamines for an adequate but delayed chronotropic
exercise response (49). 

Although left ventricular responses to hypertension and
acute increases in afterload are normal after cardiac trans-
plantation, the denervated heart does not tolerate hypoten-

sion well, presumably because of lack of ventricular com-
pliance and reflex sympathetic tone. Denervation also
leads to several other clinically relevant hemodynamic
abnormalities in addition to the obvious loss of cardiac
pain sensation. Efferent parasympathetic denervation of
the heart leads to a resting tachycardia of 90 to 110 beats
per minute (bpm), lack of heart rate variability, and the
ineffectiveness of atropine and digoxin; efferent sympa-
thetic denervation leads to blunted and delayed increases
in heart rate in response to physiologic stress. Afferent de-
nervation results in dysregulation of sodium and water
homeostasis as well as abnormalities in peripheral vascular
responses (50). 
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Figure 31.7 The hemodynamic effects of an
inotropic agent, milrinone, in dilated cardiomyopa-
thy. Milrinone increases contractility (positive dP/dt),
improves lusitropy (negative dP/dt), and lowers pre-
load (decreased left ventricular end-diastolic pres-
sure [LVEDP]). The improvement in systolic and dia-
stolic function occurs without an increase in systolic
blood pressure. (Reproduced with permission from
Baim DS, et al. Evaluation of a new bipyridine
inotropic agent—milrinone—in patients with severe
congestive heart failure. N Engl J Med 1983;
309:748.)
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Figure 31.8 Effects of exercise on hemody-
namics in dilated cardiomyopathy. Note develop-
ment of prominent V wave and dramatic increase
of pulmonary capillary wedge pressure with exer-
cise. This effect was achieved with supine arm
exercise (moving bags of saline up and down while
supine) resulting in an almost twofold increase in
heart rate (HR). The patient had an ejection frac-
tion of 20%, an end-diastolic dimension of 7 cm,
and moderately severe mitral regurgitation at rest.
The lack of V waves and normal wedge pressure at
rest are indicative of the chronic nature of the
regurgitation. BP, blood pressure.



Right ventricular function is critical in the early post-
transplant period. The normal right ventricle cannot accom-
modate significant acute pressure overload (51), and nowhere
is this more apparent than in the post–cardiac transplant
setting. Acute right heart failure accounts for 50% of all
peri– and post–cardiac transplant complications and is a
leading cause of early allograft failure and death. Not sur-
prisingly, an elevated preoperative pulmonary vascular resist-
ance predicts early postoperative death from acute right
heart failure (52–54), and severe fixed pulmonary hyperten-
sion is a contraindication to cardiac transplantation. 

Case 2: Assessing Pulmonary Vascular Resistance
Prior to Transplantation. A 45-year-old woman with a 30-
pack-year smoking history is transferred with advanced
heart failure for consideration of heart transplantation fol-
lowing an anterior myocardial infarction 2 years earlier.
She had three hospitalizations in the past year for heart
failure and was readmitted 3 days prior to transfer after sta-
bilization on lisinopril, carvedilol, digoxin, and furosemide.
Pulmonary evaluation was remarkable for mild obstructive
pulmonary disease. Acute vasodilator testing in the catheter-
ization lab with various agents demonstrated reversible
pulmonary hypertension, and she was considered accept-
able for transplantation (see Table 31.4).

However, repeat catheterization 3 months later demon-
strated recurrent severe pulmonary hypertension. Because
of relative hypotension, milrinone was used to assess pul-
monary vasoreactivity. Bolus milrinone did lower the pul-
monary vascular resistance to an acceptable extent, and she
was maintained on continuous intravenous milrinone
while awaiting transplantation.

Illustrative Points. Pulmonary hypertension, defined as a
pulmonary artery systolic pressure �30 mm Hg or mean
pulmonary artery pressure of �20 mm Hg, is a common
complication of heart failure and can contribute to its mor-
bidity. Resting pulmonary vascular resistance predicts exer-
cise tolerance in heart failure and is inversely correlated
with oxygen consumption in these patients (55,56). In
fact, exercise capacity is better predicted by right ventricular
ejection fraction rather than the left ventricular ejection
fraction, reflecting the role of pulmonary vascular resist-
ance in limiting exercise capacity in heart failure (57).

In heart failure, the elevated left ventricular end dia-
stolic pressure results in a passive or reactive increase in the
pulmonary venous pressure and a consequent increase in
the upstream pulmonary arterial pressure. These passive
changes may also be accompanied by an increase in the
transpulmonary gradient (mean PA minus mean PCW)
reflected by increases in pulmonary vascular resistance
(PVR) and right ventricular afterload. These changes in
PVR in heart failure are mediated by alterations in pul-
monary smooth muscle vascular tone as well as by struc-
tural changes in the pulmonary vessels. Changes in smooth
muscle tone are generally reactive and reversible over the
course of hours to days, but structural remodeling of the
pulmonary vascular tree is likely fixed and reversible only
over the course of months to years. 

Pulmonary hypertension becomes a concern in the pre-
transplant setting when the pulmonary artery systolic
pressure is �60 mm Hg, the transpulmonary gradient is
�15 mm Hg, and/or the pulmonary vascular resistance is
�4 Wood units (320 dynes·sec·cm�5). Although in the
Bethesda consensus conference on heart transplantation,
PVR �6 to 8 Wood units was considered high risk (21),
most centers do not use a fixed cutoff value for an accept-
able PVR. In fact, in some patients with severe pulmonary
hypertension who have successfully undergone heart trans-
plantation or long-term ventricular assist device support,
pulmonary pressures have returned to normal (39,58).
Therefore, it is essential to ensure that pretransplant eleva-
tions in PVR are reversible. If so, specific chronic interven-
tions such as continuous inotropic support or a ventricular
assist device (VAD) may be required to keep their PVR low
while patients await transplantation. This reduces the risk
of allograft right ventricular failure in the early transplant
course.

Costard-Jackle and Fowler at Stanford reported the pre-
dictive value of acute testing of pulmonary vasoreactivity
with nitroprusside in 301 consecutive cardiac transplant
candidates. The 3-month post-transplant mortality in this
cohort was high in those candidates with a baseline PVR
�2.5 Wood units (or 200 dynes·sec·cm�5; 17.9% versus
6.9% for PVR �2.5 Wood units). Using graded incremen-
tal doses of nitroprusside in patients with either a PVR
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CHANGES IN PULMONARY VASCULAR RESISTANCE 
TO VARIOUS MANEUVERS

TABLE 31.4

Condition RA PCW PA TPG CO PVR SVR

Baseline 10 15 60/24/35 20 3.6 400 1666
Nitroprusside 5 20 40/24/30 10 4.5 178 1067
Milrinone 9 15 55/22/32 17 5.3 257 830

RA, right atrial; PCW, pulmonary capillary wedge; PA, pulmonary artery; TPG, transpulmonary gradient;
CO, cardiac output; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance (units are the
same as Table 31.2.)



�2.5 Wood units or a PA systolic pressure �40 mm Hg,
the hemodynamic response was predictive of outcome. If
the PVR could be decreased to �2.5 Wood units without
hypotension (�85 mm Hg), the 3-month mortality was
only 3.8%. In contrast, if the PVR could not be reduced to
�2.5 Wood units or only at the expense of hypotension,
the mortality was high (40.6 and 27.5%, respectively). In
addition, in their series, all patients who died of right heart
failure were in these latter two groups (59). 

When used to assess pretransplant pulmonary vasoreac-
tivity, nitroprusside should be started at 25 to 50 
g/kg
and increased in 25 
g/kg increments every 5 minutes with
reassessment of the pulmonary vascular resistance after
each change in dose. Cardiac output is best assessed with
thermodilution in this setting since it is more practical
than trying to measure resting oxygen consumption repeat-
edly. Smaller increments or slower titration schemes
should be considered when left ventricular filling pressures
are low (�10 mm Hg).

Various other agents have been used to assess the
reversibility of pulmonary hypertension (Table 31.5),
although the mechanism by which PVR falls differs
between agents. High-flow oxygen should be considered
first, especially if the baseline arterial saturation is �95%.
Nitroprusside, an endothelium-independent nitric oxide
donor, decreases PVR by both decreasing the transpul-
monary gradient and increasing the cardiac output (60,61).
Dobutamine and other inotropes increase pulmonary blood
flow with subsequent recruitment of parallel vessels in the
pulmonary circulation and produce flow-mediated vasodi-
lation (62). Bolus milrinone is simple and attractive since it
avoids the need for titration and potential hypotension
intrinsic to nitroprusside use (63). Using 50 
g/kg over 1
minute via a systemic vein, the peak lowering of PVR
occurs within 5 to 10 minutes and is not associated with
changes in systemic blood pressure or heart rate. Milrinone
lowers the PVR by approximately 30% with a concomitant

significant increase in the cardiac output but with little
change in the transpulmonary gradient. 

Selective pulmonary vasodilators are also attractive
alternative pulmonary vasodilators since they presum-
ably lack the systemic hypotensive effects of traditional
vasoactive agents. For example, inhaled nitric oxide low-
ers PVR by decreasing the transpulmonary gradient and
increasing the left ventricular filling pressure without sig-
nificant changes in cardiac output or mean PA pressure
(64–66). Although not useful for chronic therapy owing
to its short half-life and potential toxicity, it has been
used for assessing pulmonary vasoreactivity in cardiac
transplant candidates (67), supporting high-risk surgical
patients undergoing coronary bypass or valve replace-
ment (68), and treating right ventricular dysfunction
after heart transplantation or implantation of a ventricu-
lar assist device (69,70). When left ventricular function is
normal, the increase in left ventricular filling from
increased volumetric flow across the pulmonary circula-
tion can be easily accommodated without significant
symptomatic increases in the filling pressure. However,
when left ventricular diastolic function is not normal
and baseline filling pressures are elevated, the increase in
pulmonary blood flow can result in further increases in
left ventricular filling pressure in a noncompliant ventri-
cle and may produce alveolar pulmonary edema (71).
Adenosine (72) and prostaglandin E1 (73) produce sim-
ilar effects (Table 31.5). Endothelin antagonists also
appear to selectively vasodilate the pulmonary circula-
tion (74) and have been used in primary forms of pul-
monary hypertension when left ventricular function is
normal (75). However, oral endothelin antagonists in
heart failure do not appear to be beneficial in clinical tri-
als, and these agents have not been used for acute testing
of pulmonary vasoreactivity. 

Case 3: Tricuspid Regurgitation (TR) After Cardiac
Transplantation. A 56-year-old man presented for routine
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AGENTS THAT CAN BE USED TO ASSESS PULMONARY
VASOREACTIVITY

TABLE 31.5

Agent PVR PAmean PCW CI SVR Notes

Nitroprusside T36% T23% T27% c30% T31% Titrated in 25–50 
g/min
increments

Milrinone T31% T12% T16% c42% T30% 50 
g/kg intravenous bolus
Nitric oxide T47% NC c24% T9% NC 80 ppm over 10 min
Prostaglandin E1 T47% T21% T13% c23% T31% Titrated in incremental 

doses of 0.02, 0.05, 0.10, 
0.20, 0.30 
g/kg per min

Adenosine T41% NC c12% c9% NC 100 
g/kg per min

PVR, pulmonary vascular resistance; PA, pulmonary artery mean; PCW, pulmonary capillary wedge; CI,
cardiac index; SVR, systemic vascular resistance; NC, no change.



surveillance endomyocardial biopsy 1 week following cardiac
transplantation for an idiopathic dilated cardiomyopathy. He
had been awaiting cardiac transplantation in the hospital on
intravenous milrinone, which had decreased his pulmonary
vascular resistance from 340 to 200 dynes·sec�1·cm�5. A
bicaval anastomosis was used during transplantation with an
ischemic time of 150 minutes. Postoperatively, he required
atrial pacing for sinus node dysfunction and prolonged
inotropic and pressor support. His weight was 5 kg greater
than his preoperative weight. Routine three-drug immuno-
suppression had been initiated without difficulty. 

At right heart catheterization (Fig. 31.9), his right atrial
pressure waveform was ventricularized consistent with
severe TR. The right ventricular waveform was also charac-
terized by a steep rapid early filling wave and an elevated
end-diastolic pressure. Left-sided filling pressures were nor-

mal. The cardiac output was 4 L/minute, and the PVR was
180 dynes·sec·cm�5. Echocardiography confirmed normal
left ventricular systolic function without mitral regurgita-
tion and severe TR in a hypokinetic, dilated RV.

Illustrative Points. Within days of transplantation, hemo-
dynamics demonstrate evidence of right ventricular (RV)
systolic and diastolic dysfunction characterized by the pres-
ence of a rapid y descent (greater in magnitude than the x
descent), lack of an inspiratory decline in the right atrial
pressure (the Kussmaul sign), and sometimes ventricular-
ization of the atrial waveform suggestive of significant tri-
cuspid regurgitation (Fig. 31.10). The right ventricular trac-
ing is marked by a steep rapid filling wave and elevation of
the end-diastolic pressure. The pulmonary capillary wedge
pressure may demonstrate a prominent V wave (as much as
twofold greater than the atrial wave) in the absence of sig-

704 Section VIII: Profiles of Specific Disorders

B

A

25

V

0

25

V

0

a

a a

a

a

a

a

a

aa
a

v
v v

v
v

v

vv

C

s

V

25

V

0

s

e

e e

e
e

e

e
e

d

d

d

d

Figure 31.9 Severe tricuspid regurgitation
early after cardiac transplantation. A. Right atrial
waveforms are ventricularized consistent with
severe tricuspid regurgitation. B. Pulmonary capil-
lary wedge pressure is normal without V waves. C.
Right ventricular waveforms suggest severe vol-
ume overload and dip and plateau phenomenon
in absence of constrictive pericarditis.



nificant mitral regurgitation and reflects a volume-over-
loaded state and a poorly compliant left atrium and ventri-
cle. Volume loading or leg raising may also bring out
similar findings after transplantation if initial resting
hemodynamics are normal and reflect the often occult
nature of this restrictive picture (76). These hemodynamics
usually improve with time, although the pace of improve-
ment is variable. Bhatia et al. reported that left and right
filling pressures decline within weeks with concomitant
decreases in PVR and TR despite persistent RV enlargement
(Table 31.6; 39). Evidence of elevated right ventricular end
diastolic pressures is unusual late after transplant in the
absence of severe TR. If present, consideration should be
given to constrictive pericarditis, albeit rare in the post-
transplant setting (77). 

Tricuspid regurgitation early after transplantation is com-
mon. Generally, it is a secondary phenomenon and a reflec-
tion of right ventricular dilation and dysfunction, which is
universal after transplantation. In this setting, right ventricu-
lar dysfunction is a consequence of ischemic injury, increased
pulmonary vascular resistance, and volume overload.

Therapy for right ventricular failure should include pro-
longed intravenous inotropic support, aggressive volume
control, and pulmonary vasodilators, such as nitric oxide.
With appropriate treatment, even severe degrees of tricuspid
regurgitation can resolve. In rare instances, tricuspid valve
repair or replacement may be necessary. However, aggressive
pharmacologic therapy and appropriate diuresis should be
exhausted first, which may take days to weeks. 

Tricuspid regurgitation late after transplantation is usually
the consequence of bioptome injury to the tricuspid valve or
allograft coronary artery disease. Some centers have been
able to decrease the incidence of this problem by placing the
biopsy sheath across the tricuspid valve to avoid inadvertent
injury to the valve apparatus (78). Tricuspid regurgitation is
also more frequent with the traditional biatrial anastomotic
technique and less frequent with the more contemporary
operation using a bicaval anastomosis (79). Rejection also
appears to be a risk factor for late TR (80). Indications for
surgery are similar to the nontransplant state and should be
entertained if significant exercise capacity declines or if right
heart failure becomes refractory to diuretics (81). 

Chapter 31: Cardiomyopathy and Congestive Heart Failure 705

25

V

0

25

V

0

a a

a
a a a a a a

a
a

aa
aaa

aa

v
v v

v v
v

v
v

vv
vvvvv

B

A

Figure 31.10 Typical hemodynamics after
transplantation. This patient underwent uncom-
plicated transplantation 2 months prior. Echo-
cardiography demonstrated mild right ventricular
enlargement and dysfunction and normal left ven-
tricular function with trivial mitral regurgitation. A.
Kussmaul sign with dramatic Y descents notable
in right atrial tracing and suggestive of right ven-
tricular dysfunction in absence of constrictive
pericarditis. B. V waves are prominent despite
lack of significant mitral regurgitation and reflect
poor left atrial compliance. No rejection was seen
on biopsy.

HEMODYNAMIC CHANGES AFTER CARDIAC TRANSPLANTATION
TABLE 31.6

Variable Preop 2 Weeks 3 Months 1 Year

Right atrial pressure (mm Hg) 15  5 9  4 8  4 7  4
Mean pulmonary artery pressure (mm Hg) 38  9 22  5 21  7 19  5
Pulmonary wedge pressure (mm Hg) 30  8 14  5 13  5 12  4
Cardiac output (L/min) 3.5  1.1 — — 6.3  1.5
PVR (dynes·sec�1·cm�5) 213  113 — — 99  36



Myocardial rejection is usually asymptomatic and is rarely
predictable from hemodynamic abnormalities (Fig. 31.11),
even when rejection is severe (82). Because rejection is most
common in the first year after transplantation, biopsies are
frequent and are used to guide the titration of the immuno-
suppressive regimen (see Chapter 20). As time from trans-
plant lengthens, rejection becomes less common and biopsy
frequency declines. Some centers stop routine surveillance
biopsies after the second year because rejection is uncom-
mon. In our center, annual biopsies are still performed regard-
less of time since transplant, significant transplant rejection,
although rare, can still be seen years later (83,84). 

VENTRICULAR ASSIST DEVICES 

When advanced heart failure cannot be stabilized despite
maximal medical therapy (typically involving inotropic

and vasoactive agents and/or intra-aortic balloon counter-
pulsation), surgically implantable ventricular assist devices
(VADs) can be used as bridges to cardiac transplantation
or to myocardial recovery and even as a permanent solu-
tion to end-stage heart disease (i.e., destination therapy;
see also Chapter 21). Implantable VADs have been in clini-
cal use since 1986 and are now used in �25% of patients
eventually undergoing transplantation because donor
shortages have forced longer and longer waiting times to
transplantation. Several devices are currently approved for
bridge-to-transplant, but only the HeartMate XVE LVAS is
currently approved for destination therapy. One percuta-
neous device, the TandemHeart pVAD, is approved for car-
diogenic shock (see Chapter 21). The currently approved
devices primarily provide pulsatile flow, but continuous
flow pumps are now in clinical trials.

As bridges to transplant, surgically implantable VADs
are effective bridges to successful transplantation with two-
thirds of patients making it to transplant and a post-trans-
plant survival that is comparable with patients who have
not required pretransplant VAD support. Complications of
VADs include device failure (primarily motor bearing wear
and inflow valve incompetence), infection, bleeding,
thromboembolism (particularly stroke), and immunosen-
sitization of the pretransplant candidate. 

In the acute setting, the hemodynamic profile of a VAD
candidate will be a cardiac index �2.0 L/minute per m2,
pulmonary capillary wedge pressure �20 mm Hg, and
systolic blood pressure �80 mm Hg, despite inotropic/
pressor agents and/or the need for intra-aortic balloon
counterpulsation. In chronic heart failure, these hemody-
namic criteria do not need to be met, but most patients
will be inotrope dependent (85). In these patients, VAD
support allows for nutritional and physical rehabilitation
to occur, allows pulmonary vascular resistance to fall, and
allows discharge of patients with long anticipated wait
times to transplantation pressure. Clinical considerations
at the time of implantation include the proposed clinical
end point (i.e., recovery, transplant, and destination), need
for biventricular support, and predicted surgical mortality
in the postsurgical period.

The assessment in the catheterization laboratory prior
to LVAD implantation should include coronary angiogra-
phy to assess right ventricular blood supply (to ensure ade-
quate right ventricular function when only LVAD is planned)
as well as right atrial pressure and pulmonary vascular
resistance. A right atrial pressure �20 mm Hg and a
transpulmonary gradient �16 mm Hg predict right ven-
tricular failure after LVAD placement (86) and should trig-
ger consideration of biventricular VAD support. However,
in patients with significant pulmonary vascular resistance
but right atrial pressures �10 mm Hg, LVAD therapy alone
can suffice and will eventually lead to normalization of the
pulmonary vascular resistance. 

Various centers use specific protocols when assessing
the potentially dysfunctional VAD (87,88). In our center,
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Figure 31.11 Hemodynamic profiles of the transplanted heart
do not predict the presence, absence, or severity of rejection.
MAP, mean arterial pressure; RA, right atrial; PAW, Pulmonary
artery wedge pressure; CI, cardiac index. (Reproduced with permis-
sion from Uretsky, BF. Physiology of the Transplanted Heart.
Cardiovasc Clin. 1990;20(2):41.)



post-VAD patients routinely undergo right heart catheteri-
zation to assess pulmonary vascular resistance 1, 3, and 6
months after surgery. Left and right heart hemodynamics
with device fluoroscopy is also performed if clinical and/or
echocardiographic assessment suggests device dysfunction.
Appreciation of the VAD anatomy is also crucial before
invasive hemodynamic assessment of the patient with VAD
support. The inflow cannula is typically placed in the ventric-
ular apex but may be placed in the atrium, especially if bridge
to recovery is anticipated. The outflow graft is usually anasto-
mosed to the anterior aspect of the great artery (aorta or pul-
monary artery) several centimeters above the native outflow
valve (Fig. 31.12). Depending on the device and body size,
the pump itself is either placed within the abdomen or extra-
corporeally connected by percutaneous tubing.

Case 4: LVAD Dysfunction. A 67-year-old man presented
with complaints that his LVAD rate had suddenly risen from
a baseline rate of 70 bpm to 100 bpm in the automatic mode.
A Thoratec HeartMate LVAD had been placed 9 months ear-
lier due to advanced heart failure from coronary artery dis-
ease and complicated by severe pulmonary hypertension
despite inotropic and vasodilator therapy. He had returned
to part-time employment and was awaiting cardiac trans-
plantation at home. While having dinner, he had noted the
sudden rise in the rate of his device. In response to this
change, he switched the LVAD mode from automatic to fixed

(at 50 bpm), but switched back because the fixed mode was
associated with light-headedness and dyspnea. On exam, he
appeared well without pallor. His blood pressure was 145/76
with a LVAD rate of 100 and an atrioventricular (AV) paced
intrinsic heart rate of 100. His venous pressures were 10 cm
of water and he was breathing comfortably. His lung and pre-
cordial exam demonstrated normal VAD sounds. The liver
was not enlarged; no pedal edema was present, and he had
warm extremities. Laboratories demonstrated no evidence
for hemolysis, but the serum creatinine had risen from 1.5 to
2.0 mg/dL and the serum sodium had fallen from 138 to 133
mg/dL. Echocardiography confirmed the presumptive diag-
nosis of inflow valvular regurgitation with lack of left ventric-
ular decompression, regular opening of the aortic valve, and
evidence of a regurgitant flow signal in the apical outflow
graft (Fig. 31.13).

Cardiac catheterization was performed to confirm the
diagnosis and assess the pulmonary vascular resistance in
light of recurrent heart failure despite the LVAD. The hemo-
dynamics are shown in Table 31.7. The wedge pressure is
elevated from baseline (normally post-LVAD, the wedge
pressure should be �10 mm Hg) and increases further
with limiting the VAD rate by switching the device to the
fixed rate mode at 80 bpm. The VAD flow is 7.3 L/minute,
but the cardiac output assessed by thermodilution is 5.5
L/minute (Table 31.7). (Normally, the measured cardiac
output may be greater than the VAD flow or output by as
much as 1 L/minute owing to the contribution of the
native ventricle. In contrast, a VAD output greater than the
measured cardiac output suggests inflow regurgitation.) 

An end-hole multipurpose catheter was placed in the
left ventricle retrograde across the aortic valve and placed
into the os of the inflow valve, demonstrating the presence
of “VAD” V waves and thus confirming the echocardio-
graphic diagnosis (Fig. 31.14). The VAD V wave was not
appreciated until the catheter was moved from the body of
the ventricle to the os of the inflow cannula (Fig. 31.15).

Illustrative Points. The primary limitation to long-term
support with implantable VADs is mechanical device
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Figure 31.12 Representative configuration of an implantable
ventricular assist device (see text for discussion). (Reproduced with
permission from Goldstein DJ, Oz Mc, Rose EA. Implantable left
ventricular assist devices. N Engl J Med 1998, 339:1522–33.)

A B

Figure 31.13 Echocardiographic assessment of left ventricular
assist device (LVAD) function. A. LVAD inflow valvular regurgitation
can be seen as a regurgitant Doppler signal at the os of the inflow
cannula at the left ventricular apex. B. Tear in inflow valve leaflet
seen after explant resulted in VAD regurgitation.



failure. In the REMATCH trial, which randomized 129
advanced heart failure patients to the HeartMate electric
LVAD or optimal medical therapy, 35% of patients experi-
enced device failure over 24 months of follow-up and 10 of
68 patients required device replacement (89). Inflow valve
regurgitation is the most common type of device failure; it
is characterized by a rapid increase in the baseline output
of the LVAD in the automatic mode and can occur within
months of device implantation (87). Outflow obstruction
may also occur, especially if the outflow graft conduit
becomes kinked. At our institution, we have had a case of
fungal endocarditis obstructing the outflow valve. The
bearings used in the electrically driven rotor may also wear
with time, and this dysfunction is usually discovered from
device alarms and examination of the air vent filter for

trace metals. Although echocardiographic studies are ini-
tially used to diagnose LVAD dysfunction, right and left
heart catheterization is recommended to confirm the diag-
nosis (89a). 

In general, the VAD pump cycle is asynchronous to the
native heart’s rhythm. The VAD fills passively from the ven-
tricle via a unidirectional porcine valve. In the auto rate
mode, the pump ejects when the pumping chamber is at
least 90% filled (or 75 mL of the 83 mL chamber with a
HeartMate LVAD) to deliver a relatively constant stroke vol-
ume. It therefore is responsive to physiologic demands and
preload; it will speed up or slow down according to the
preload received. If the patient is hypovolemic, the VAD
auto rate will slow to allow time for the device to fill. If the
patient is hypervolemic, the VAD auto rate will increase to
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THE HEMODYNAMICS OF INFLOW VALVULAR REGURGITATION
TABLE 31.7

VAD Flow CO (TD) RA PCW PA PVR
Conditions (L/min) (L/min) (mm Hg) (mm Hg) (mm Hg) (d·s·cm�5)

Baseline 5.0 4.8 5 11 33/10/21 160
post LVAD

Auto rate 7.3 5.5 9 15 41/17/27 174
Fixed rate 6.4 — — 20 46/21/32 160

VAD, ventricular assist device; CO (TD), cardiac output (thermodilution); RA, right atrial; PCW, pulmonary
capillary wedge; PA, pulmonary artery; PVR, pulmonary vascular resistance; LVAD, left ventricular assist
device.

Figure 31.14 Hemodynamic wave-
forms taken from inside the inflow
cannula of a ventricular assist device
with inflow valvular regurgitation.
Dotted arrows indicate native left
ventricular systolic pressure. Native
left ventricular systolic pressures are
less than the aortic diastolic pressure
and do not result in aortic valve open-
ing. The solid arrows indicate the
VAD ejecting retrograde into the ven-
tricle across the incompetent VAD
inflow valve (a VAD V wave).
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accommodate the increase in filling. In the fixed rate
mode, the device pumps at the preset rate independent of
loading conditions. In the normally functioning LVAD, the
native aortic valve opens only occasionally if at all and is
dependent on the variable preload and afterload the ven-
tricle encounters as the synchrony with the LVAD pump
cycle varies (Fig. 31.16). This is actually a desired feature to
prevent thromboembolism from the aortic root. 

Inflow valvular regurgitation is characterized by an
increase in VAD pumping rate in the auto rate mode as the
device attempts to keep up with the regurgitating volume.

Unlike the human heart, the VAD cannot dilate over time,
so the forward stroke volume cannot be increased and the
output of the device is increased by increasing its rate. In
the automatic mode, the VAD may not be able to keep
pace with the regurgitant preload and the pulmonary cap-
illary wedge pressure can rise. The wedge pressure in the
fixed rate mode will also rise, especially if the rate is set
too low since there will be not be adequate decompres-
sion of the ventricle. Left ventricular hemodynamics may
demonstrate a V wave, especially if an end-hole catheter is
placed within the os of the inflow cannula (Fig. 31.14).
With inflow valvular regurgitation, the ventricle is incom-
pletely unloaded and inadequately decompressed because
of the regurgitant volume, and systolic pressures in the
ventricle will open the aortic valve frequently (Fig. 31.17).
Finally, ventriculography can be useful since it may
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Figure 31.15 Left ventricular hemodynamics in a patient with left ventricular assist device (LVAD)
inflow valvular regurgitation. VAD V wave is not apparent in main body of ventricle until catheter is
moved to the os of the inflow cannula. (See text for discussion.)

Figure 31.16 Left ventricular hemodynamics in a patient with-
out inflow valvular regurgitation. In the adequately decompressed
ventricle with left ventricular assist device (LVAD) support, the
native left ventricle will only intermittently generate systolic pres-
sure great enough to open the aortic valve. Top. Tracing is femoral
arterial waveform. Bottom. Tracing is from catheter in left ventricle.
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Figure 31.17 Arterial waveform in a patient with an inade-
quately decompressed ventricle despite left ventricular assist
device (LVAD) support. Dotted arrows demonstrate native left ven-
tricular ejection discernible in the arterial waveform. Solid arrows
indicate arterial pressure generated from LVAD. (See text for fur-
ther discussion.)



demonstrate a negative contrast effect from the regurgitat-
ing volume.

Therapy for this type of dysfunction is inflow valve or
VAD replacement. If the patient is awaiting transplantation
but is stable without heart failure, recurrent renal insuffi-
ciency, or persistent pulmonary hypertension despite the
regurgitation, replacement can be safely deferred for even-
tual transplantation.

GIANT CELL MYOCARDITIS

Unexplained heart failure from systolic dysfunction is a
common clinical problem in the catheterization labora-
tory, and the decision to proceed to endomyocardial
biopsy is often debated. (In Chapter 20, the role of
endomyocardial biopsy is discussed in greater detail.)
Although many potential diagnoses can be made by
endomyocardial biopsy, myocarditis is probably the most
common distinct histopathologic diagnosis. Although
the positive predictive value of the endomyocardial
biopsy for myocarditis is high, the negative predictive
value is low (90,91), which has tempered the enthusiasm
for the procedure in many catheterization laboratories.
Furthermore, conventional immunosuppressive therapies
appear ineffective (92), sustaining the argument that
therapy is unlikely to change on the basis of biopsy find-
ings. Yet, the diagnosis of myocarditis in certain situa-
tions is important, especially when specific types of
myocarditis can be identified. 

Case 5: Giant Cell Myocarditis. A 39-year-old woman
without significant prior medical history presented with
1 month of cough, dyspnea, weakness, and nausea. She
denied fever, sick contacts, or chest pain. In the emergency
room, she was pale, cool, and confused. Her blood pres-
sure was 75/60, her heart rate was 140 and irregular, and
she was tachypneic. The chest radiograph demonstrated
pulmonary edema without cardiomegaly, and the electro-
cardiogram was notable for low volts and rapid atrial fib-
rillation. Urgent echocardiography demonstrated a nondi-
lated left ventricle but a dilated right ventricle, severe
biventricular dysfunction, and moderate mitral and tricus-
pid regurgitation. She was brought urgently to the cath lab
where an intra-aortic balloon was inserted and angiogra-
phy demonstrated normal coronary arteries. Hemodynamics
were notable for a right atrial pressure of 22, pulmonary
capillary wedge pressure of 26 with V waves to 40, and a
cardiac index of 1.3 L/minute per m2. An endomyocardial
biopsy was obtained. The following day, biventricular
assist devices were placed owing to persistent shock despite
maximal inotropic/vasopressor support, mechanical venti-
lation, and an intra-aortic balloon pump. The endomy-
ocardial biopsy revealed diffuse giant cell myocarditis with
multifocal areas of healing injury. Over the course of 2
weeks, she was treated with immunosuppressive agents
with significant improvement in her ventricular function.
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Following a successful VAD weaning trial, the ventricular
assist devices were successfully explanted and she was
eventually discharged to rehabilitation with normal ven-
tricular systolic function.

Illustrative Points. The presence of cardiogenic shock in
the absence of myocardial infarction or extensive coronary
artery disease should elicit a consideration of fulminant
myocarditis (see later discussion) and obtaining an endomy-
ocardial biopsy. In fact, viral myocarditis may mimic acute
myocardial infarction (93). The initial size and geometry
of the dysfunctional ventricle may also be clues to the
chronicity of the myocardial inflammation since lack of
dilation and sphericity implies an acute-onset cardiomy-
opathy. The rapidly progressive nature of heart failure cul-
minating in shock is characteristic of giant cell myocarditis
although other forms of myocarditis, i.e., including lym-
phocytic, may also present in this manner (94). Giant cell
myocarditis, in particular, is important to identify because
of its natural history and implications for therapy (95). It
can be diagnosed only histologically since it may clinically
mimic other types of myocarditis and may even be con-
fused histologically with cardiac sarcoidosis. In a multicen-
ter registry of 63 patients with this disorder, the rate of
death or cardiac transplantation was 89% with a median
survival of only 5.5 months from the onset of symptoms.
Compared with lymphocytic myocarditis, giant cell
myocarditis is more likely to be associated with ventricular
tachycardia, heart block, more severe depression in ventric-
ular function, and a worse prognosis (92,96). Afflicted
patients tend to be relatively young (mean age 44 in reg-
istry), Caucasian (88% in registry), and previously healthy.
There is an interesting association with autoimmune disor-
ders, especially Crohn disease and ulcerative colitis, imply-
ing a unifying autoimmune pathogenesis. The pathophysi-
ology appears dependent on CD-4 positive T lymphocytes,
and an experimental Lewis rat model has been created
using autoimmunization against myosin (97). Treatment
with immunosuppression with either azathioprine or
cyclosporine may extend survival to as long as a year
although corticosteroids alone do not appear to have any
impact. However, the treatment of choice is cardiac trans-
plantation, but a high early postoperative mortality that
approaches 15% should be anticipated. Even more dis-
heartening is the disease may recur in the transplanted
heart (98). In the multicenter registry, 9 of 35 patients who
underwent transplantation developed biopsy evidence of
recurrence on average 3 years after transplantation, but
most did not develop recurrent heart failure.

Lymphocytic myocarditis is a more common myocardi-
tis and quite lethal with a 1-year mortality of 15 to 20%
(99,100). It is presumed to be viral in etiology, although
this hypothesis has been difficult to prove. The utility for
searching for this entity in new-onset dilated cardiomyopa-
thy remains unclear, especially since the yield for a patho-
logic diagnosis is highly variable (ranging from 0 to 63%
in 30 studies) and specific therapy remains undefined



(92). In the Myocarditis Treatment Trial, using a consensus
panel of experienced cardiac pathologists, only 214 of
2,233 patients with unexplained heart failure had
histopathologic evidence of myocarditis. The yield may be
increased if biopsies are limited to those individuals with
symptoms of 6 months or less (94). 

Despite these limitations, histologic evidence of myo-
carditis can prove useful, especially for predicting progno-
sis. A clinicopathologic classification was developed at the
Johns Hopkins Hospital that combines histologic evidence
of myocarditis with specific features of the clinical course
(see Chapter 20 for a more extensive discussion). In this
classification system, fulminating myocarditis is defined by
severe hemodynamic compromise requiring vasopressors
(�5 
g/kg per minute of dopamine or dobutamine) or a
left ventricular assist device. In addition, at least two of
three clinical criteria are required: fever, a viral prodrome
of less than 2 weeks before hospitalization, and the distinct
onset of heart failure symptoms (fatigue, dyspnea, or new-
onset edema). Fulminant myocarditis is also characterized
by a greater degree of right heart failure and a lower sys-
temic vascular resistance when compared with acute
myocarditis despite similar pulmonary capillary wedge
pressures and cardiac outputs (99). The presence of signifi-
cant pulmonary hypertension appears to be especially
lethal in myocarditis, with an almost twofold increase in
mortality (RR 1.85, CI 1.50 to 2.29) for every 5 mm Hg
increase in mean pulmonary artery pressure (10). Fortunately,
a fulminating course is a relatively uncommon clinical
manifestation of myocarditis (15 of 147 myocarditis
patients in the Hopkins series). Fulminant myocarditis
should be contrasted with the more common form of
myocarditis (so-called acute myocarditis), which is charac-
terized by a less distinct onset, a more indolent course, and
lack of spontaneous recovery. 

Ironically, a distinct clinical course consistent with ful-
minant myocarditis predicted a good prognosis with a
transplant free survival of 93% after 11 years (99).
Concomitant with clinical recovery and improvement in
left ventricular function is long-term survival if the patient
can be successfully supported with either mechanical or
pharmacologic means during cardiovascular collapse.
Interestingly, immunosuppression does not appear to
improve survival in this situation.

DIASTOLIC HEART FAILURE AND
RESTRICTIVE CARDIOMYOPATHIES

Heart failure when left ventricular systolic function is nor-
mal (HF-nEF), commonly referred to as diastolic heart fail-
ure, is often a difficult clinical entity to diagnose. The tra-
ditional physiologic definition states that filling of the left
ventricle to a normal end-diastolic volume occurs only 
at higher-than-normal end-diastolic pressures, i.e., that
there is a leftward and upward shift of the end-diastolic

pressure-volume relationship. In clinical practice, it is
defined by the presence of heart failure symptoms (effort
intolerance, dyspnea, peripheral edema) in the absence of
significant systolic dysfunction. When the diagnosis of
HF-nEF is made on clinical grounds, it rarely requires con-
firmation with the traditional physiologic definition.
When diagnostic uncertainty exists, however, the physio-
logic definition is often sought to confirm the clinical
impression.

One of the more common clinical errors is to attribute
exertional intolerance or signs of heart failure to the heart
before other diagnoses (restrictive lung disease, pericardial
processes, pulmonary hypertension, and anemia) have
been sufficiently excluded. Only then can the diagnosis of
HF-nEF be established, and the distinction between pri-
mary or intrinsic conditions (such as restrictive cardiomy-
opathies) versus secondary or reactive conditions (such as
hypertensive heart disease) be made. If primary diastolic
dysfunction is a consideration in the absence of an expla-
nation such as significant hypertension or renal insuffi-
ciency, cardiac catheterization should be considered to
exclude coronary artery disease and pericardial constric-
tion, two imitators of a restrictive cardiomyopathy. If these
are not present and restriction is documented by hemody-
namics, an endomyocardial biopsy should be performed
to assess its etiology. Primary restrictive cardiomyopathies
are characterized pathophysiologically by diastolic dys-
function owing to an infiltrative disorder in the absence of
a physiologic loading condition (i.e., hypertension) that
might lead to reactive ventricular hypertrophy or fibrosis.
Hemodynamically, there is impedance to ventricular fill-
ing, impaired relaxation, relatively fixed end-diastolic vol-
umes, and biatrial enlargement. Examples include infiltra-
tive conditions, such as amyloid, hemochromatosis, and
sarcoidosis, as well as rarer conditions, such as idiopathic
restrictive cardiomyopathy, endomyocardial fibrosis, and
Fabry disease. 

In contrast, secondary HF-nEF denotes diastolic dys-
function that occurs as the consequence of excessive pre-
load (i.e., renal failure) and/or afterload (i.e., hyperten-
sion). This type of HF-nEF is more common than restrictive
cardiomyopathies and is sometimes referred to as diastolic
heart failure, as mentioned above. It was recently con-
cluded that abnormalities in diastolic function are suffi-
cient to explain the primary pathophysiologic process. Zile
et al. demonstrated a longer time constant for isovolumic-
pressure decline (tau) and a shift up and to the left in the
end-diastolic pressure volume relationship comparing a
group of middle-aged men with a history of HF-nEF with-
out hypertrophy with age-matched controls (Fig. 31.18;
101). Yet, epidemiologic studies consistently show that
most patients with HF-nEF are predominantly elderly
(median age �70 years), female (60 to 70%), hypertensive,
and diabetic. These observations suggest that it is likely a
subset of patients with HF-nEF, i.e., the Zile cohort, have a
primary abnormality of LV filling as a type of restrictive
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cardiomyopathy, whereas the more common elderly
hypertensive women with HF-nEF more likely have abnor-
malities of diastolic function that reflect a reactive or sec-
ondary response of ventricular form and function to a
more primary insult such as vascular stiffness (102–104).
In addition, volume expansion, renal dysfunction, and
anemia (105) may also play important roles in disease
pathogenesis and progression in such patients, constitut-
ing more amenable targets for therapy than trying to
improve diastolic stiffness itself. . 

In clinical practice, demonstrating diastolic abnormal-
ities by either noninvasive or invasive means may not be
necessary to make the diagnosis of these secondary forms
of HF-nEF. Most patients with a history of HF-nEF will
have some type of demonstrable abnormality of diastolic
function by either invasive or noninvasive means that
serves to confirm rather than establish the diagnosis
(106). Furthermore, since the type of diastolic abnormal-
ity is not uniform, the clinical utility of documenting
diastolic dysfunction is less clear. In fact, diastolic abnor-
malities are not uncommon in asymptomatic individuals
(107). In a study of 2,042 randomly selected residents
from Olmstead county, diastolic dysfunction (defined by
echocardiographic criteria) was common (28.1%), yet
less than half of those affected had any history of heart
failure.

Case 6: Amyloid Heart Disease. A 60-year-old man
presented with persistent heart failure and weight loss. He
had suffered an inferior myocardial infarction and had
undergone right coronary stenting 5 years previously. He
began to experience dyspnea and recurrent angina 6
months ago and had undergone repeat cardiac catheteri-

zation at that time. Coronary angiography demonstrated
a new high-grade ulcerated plaque in the proximal cir-
cumflex and a widely patent previously stented right
coronary artery. Ventriculography demonstrated an ejec-
tion fraction of 40% with no mitral regurgitation or wall
motion abnormalities. Hemodynamics were remarkable
for decompensated heart failure: RA 12/12/10, RV 55/11,
PA 55/27/36, PCW 30, CI 1.4 (Fig. 31.19). He under-
went circumflex stenting and was admitted for heart fail-
ure management. He returned 24 hours later with stent
thrombosis, which was successfully treated with repeat
angioplasty.

He continued to have severe fatigue, weight loss, and
exertional angina. He was intolerant of angiotensin-con-
verting enzyme inhibitors (ACEI) owing to hypotension
and excessive azotemia. He had recently developed atrial
fibrillation and had undergone a left popliteal arterial
thrombectomy for an acutely painful cold left foot. There
had been no history of hypertension or diabetes, but he
had only recently stopped smoking and drinking alcohol.

On exam, he was chronically ill with a blood pressure
(BP) of 85/70, a heart rate of 95 and irregular, breathing
comfortably. Multiple ecchymoses were noted. His venous
pressures were elevated at 12 cm of water with weak carotid
upstrokes. His lungs were dull in the bases. His cardiac
exam revealed distant heart sounds without gallop or mur-
mur. His liver was enlarged and pulsatile, but the abdomen
was without frank ascites. The extremities were tepid to
touch and without significant edema.

Electrocardiography demonstrated atrial fibrillation,
low limb voltage, a rightward axis, and prior inferior
myocardial infarction (IMI; Fig. 31.20). Echocardiography
was notable for severe concentric hypertrophy, myocardial
speckling, a mild decrease in left ventricular function, and
biatrial enlargement (Fig. 31.21). Fat pad aspirate and duo-
denal biopsy were negative for amyloid, but a serum pro-
tein electrophoresis demonstrated a monoclonal spike
consistent with multiple myeloma. Endomyocardial
biopsy demonstrated myocyte hypertrophy, separation of
myofibrils by infiltrating amyloid protein, and green bire-
fringence with congo red consistent with amyloid (Fig.
31.22). Bone marrow confirmed multiple myeloma.
Melphalan and prednisone were initiated, which tran-
siently improved his symptoms, but he died 3 months
later. At autopsy, classic “wax drippings” lined the left
atrium, confirming endocardial deposition of amyloid
protein (Fig. 31.22).

Illustrative Points. In patients with heart failure and pre-
served systolic function, simultaneous right and left heart
hemodynamics should be measured to distinguish restric-
tive heart disease from pericardial constriction. If there is
primary diastolic heart failure, an endomyocardial biopsy
should be performed, especially if the hemodynamics are
not diagnostic of constriction. In clinical practice, restric-
tive physiology is most likely encountered in the context of
previous mediastinal radiation, diabetes, “burned out”
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Figure 31.18 Leftward and upward shift of the end-diastolic
pressure-volume relationship in men with a history of heart failure
but normal systolic function (see text for discussion). (Reproduced
with permission from Zile MR, et al. Diastolic heart failure—abnor-
malities in active relaxation and passive stiffness of the left ventri-
cle. N Engl J Med 2004;350:1953.)
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Figure 31.19 Hemodynamics of amyloidosis, a restric-
tive cardiomyopathy. The elevated right atrial pressure,
Kussmaul sign, and prominent Y descents (A) as well as
the dip and plateau in the right ventricular tracing (B) are
indicative of severe right ventricular dysfunction and not
constriction. Prominent V waves (C) are present in the
wedge tracing despite the lack of mitral regurgitation
and reflect the volume overload in the stiff atrium, char-
acteristic of amyloid. Classically, the involvement of the
left ventricle is greater than the right and simultaneous
assessment of right and left ventricular end-diastolic
pressures show LVEDP – RVEDP � 5 mm Hg. Severe pul-
monary hypertension is also consistent with restrictive
heart disease (D). Also note prominent A wave in left
ventricular end-diastolic pressure (E). Respirophasic ven-
tricular systolic concordance (F) is more consistent with
restrictive heart disease, even if other hemodynamic
findings are suggestive of constrictive pericarditis. The
ventricular systolic pressures both fall with inspiration
(black arrows) and peak with expiration (crosshatched
arrows).
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hypertrophic cardiomyopathy, anthracyclines, and amyloid-
osis. In general, true restrictive cardiomyopathies such as
idiopathic restrictive cardiomyopathy, storage diseases
(i.e., hemochromatosis and Fabry disease), and endomy-
ocardial fibrosis are quite rare, and are described further in
Chapter 20. 

The hemodynamics of restrictive heart disease (Fig.
31.19) classically demonstrate advanced right heart failure
and poor left atrial compliance (large V waves). A rapid
early filling wave in the end diastolic pressure tracing

(square root sign), dramatic x and y descents (M or W sign),
and the Kussmaul sign may also be present. Traditionally,
restrictive processes affect the left ventricle to a greater
extent than the right ventricle and the LVEDP will be
greater than the RVEDP. Severe pulmonary hypertension
may be present in contrast to constrictive pericarditis,
which typically produces only modest pulmonary hyper-
tension (i.e., �50 mm Hg). Unfortunately, most of these
hemodynamic characteristics are not specific enough to
distinguish the restrictive profile from constrictive peri-
carditis. Hurrell et al. notes that interventricular depen-
dence through the demonstration of respirophasic systolic
ventricular dissociation is more reliable in separating cases
of constriction from restriction (108). 

Amyloidosis is caused by the fibrillar deposition of
insoluble amyloid (meaning starch or cellulose) proteins
into various organs, causing dysfunction and ultimately
death (109). There are three forms of amyloidosis defined
by the type of amyloid protein deposited. In primary amy-
loidosis (AL), the most common form, monoclonal light-
chain immunoglobulins (Bence Jones proteins) are gener-
ated by plasma cells, which become deposited in the heart
and kidney resulting in heart failure and nephrotic syn-
drome. In secondary or reactive amyloidosis (SAA), the amy-
loid protein is serum amyloid A, an acute phase reactant,
which is produced in response to untreated chronic
inflammatory illnesses such as tuberculosis and rheuma-
toid arthritis. Although renal insufficiency and hepat-
osplenomegaly are common, heart failure is very rare.
Familial amyloidosis (ATTR) is caused by transthyretin, a thy-
roxine transport protein capable of forming beta-pleated
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Figure 31.20 Electrocardiogram of a patient with amyloid. Classic findings include low limb lead
voltage but preserved precordial voltage, nonspecific ST changes, P wave prominence, and
pseudoinfarct pattern with precordial Q waves.

Figure 31.21 Echocardiogram of a patient with amyloid.
Note low normal sized ventricular cavity, severe hypertrophy
despite low limb voltage on EKG, biatrial enlargement, speck-
ling pattern of myocardium, slow myocardial relaxation, and
restrictive mitral inflow pattern. (Images courtesy of Carolyn Ho,
M.D.)



fibrillar sheets. Depending on the type of transthyretin, the
clinical syndrome may be familial or associated with aging.
Heart failure tends to be less severe with both peripheral
and autonomic neuropathies dominating the picture. In
clinical practice, only AL and ATTR are of concern since
SAA is rare in the absence of some untreated chronic infec-
tious or inflammatory disease. 

Amyloid heart disease is a common cause of true restric-
tive cardiomyopathy and should be considered in any
patient with primary HF-nEF. Angina may also be present,
even in the absence of obstructive coronary disease.
Noninvasive clinical clues include echocardiographic evi-
dence of biatrial enlargement, pseudohypertrophy, speck-
ling of the myocardium, small ventricular cavities, and
restrictive mitral inflow profiles (see echo images).
Electrocardiography may demonstrate low limb lead volt-
age, Q waves/pseudoinfarct pattern, and various levels of AV
block (Fig. 31.20). Atrial fibrillation is common as well and
reflects both the consequences of chronically elevated atrial
pressures and atrial infiltration by amyloid. The cardiovascu-
lar exam is dominated by signs of right heart failure with ele-
vation in venous pressures, rapid y descents, an inspiratory
increase in venous distension (Kussmaul sign), and
hepatomegaly. The diagnostic evaluation begins with high
clinical suspicion and a tissue diagnosis of an affected organ
system. The heart should be biopsied if heart failure is pre-
sent. A bone marrow biopsy to assess plasma cell abundance
and serum and urine immunofixation electrophoresis

should also be obtained, especially if the biopsy confirms the
presence of amyloid. Primary amyloidosis is uniformly fatal
with a mean survival �6 months if heart failure is present. 

Therapy is generally limited owing to the physiology of
restrictive heart disease. Cardiac output is essentially heart
rate dependent since stroke volumes are small and fixed and
cannot be increased with vasodilator therapy. For this rea-
son, beta-blockers and calcium channel blocking agents are
extremely poorly tolerated and not recommended. These
negative inotropic agents are often recommended in dia-
stolic heart failure to increase diastolic filling, but it is often
at the expense of increased rather than decreased filling pres-
sures and fewer stroke volumes per minute. Amyloid, in par-
ticular, appears to get worse with calcium channel blockers,
which are often initiated for treatment of diastolic dysfunc-
tion (110,111). In amyloidosis, orthostatic hypotension is
also common and limits tolerability of vasodilators, which
further complicates hemodynamic therapy. Digoxin is con-
traindicated because of an idiopathic sensitivity to toxicity
(112). Finally, thromboembolic complications are common
and attributable to the thrombogenicity of amyloid protein
on the endocardial atrial surfaces (seen at pathology as wax-
like drippings). Most patients should be anticoagulated if
contraindications do not exist. In primary amyloidosis, ther-
apy is directed at the malignant plasma clones. Chemo-
therapy with melphalan and prednisone is palliative; heart
and bone marrow transplantation have been successfully
performed when heart failure is present.
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Figure 31.22 Endomyocardial biopsy of patient with amyloid. A. Even without congo red stain-
ing, amyloid is suggested by separation of myofibrils and infiltration of blood vessels by pink amor-
phous proteinaceous material. Hypertrophy notably absent as well. B. At autopsy, left atrial walls
appear leathery and waxy, consistent with endocardial deposition of amyloid protein. (Photographs
courtesy of Gayle Winters, M.D.)
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HYPERTROPHIC CARDIOMYOPATHY

Hypertrophic cardiomyopathy (HCM) is a common autoso-
mal dominant genetic disorder that affects 1 in every 500
adults. More than 200 familial and sporadic mutations in 11
genes have been described. The most common mutations
occur in the genes for the �-myosin heavy chain, troponin I,
and myosin-binding protein C. It is clinically recognized
when there is left ventricular hypertrophy in the absence of
an identifiable stimulus such as hypertension or aortic
stenosis. Recent advances in molecular genetics now make
genetic confirmation and preclinical diagnosis possible. 

The clinical manifestations of HCM (dyspnea, angina,
syncope, and sudden death) are due to complex interre-
lated conditions, which include diastolic dysfunction,
myocardial ischemia, dynamic outflow obstruction, mitral
regurgitation, and arrhythmias. Although classically defined
by dynamic outflow obstruction caused by asymmetric
hypertrophy of the interventricular septum, the hemody-
namic derangements are very heterogeneous and of variable
severity. In fact, most patients do not have this physiology,
are minimally symptomatic, and have an excellent survival.
The natural history may also be complicated by atrial fibril-
lation, concomitant coronary artery disease, endocarditis,
and left ventricular systolic dysfunction (so-called “burnt
out” HCM). It is also important to distinguish true provoca-
ble gradients from catheter entrapment, which can lead to
an artificial outflow gradient (113), and HCM from other
conditions that may also lead to intracavitary gradients (e.g.,
subaortic membranes, concentrically hypertrophied ventri-
cles in the setting of acute distal anterior myocardial infarc-
tion, tako-tsubo syndrome, intense inotropic stimulation,
and mitral valve replacement without resection of the native
anterior leaflet). Similarly, concentric (e.g., in aortic stenosis
or hypertension) or localized apical (a spadelike left ventri-
cle with large negative T waves) left ventricular hypertrophy
without intracavitary obstruction (113,114), must be distin-
guished from the more common hypertrophic obstructive
cardiomyopathy discussed below. 

The most dramatic hemodynamic feature of HCM is the
dynamic intraventricular pressure gradient. In the setting of
vigorous contraction of the basal aspect of an asymmetri-
cally hypertrophied interventricular septum, there is
obstruction to ejection in the left ventricular outflow tract.
Because the outflow tract becomes narrowed, blood flow
necessarily becomes accelerated in this region and the ante-
rior leaflet of the mitral valve is sucked into the outflow
tract from a Venturi effect. This phenomenon exacerbates
the outflow obstruction and also contributes to mitral
regurgitation. However, extensive variability and hetero-
geneity of this phenomenon is common among affected
patients and even within the same patient over time. In fact,
many patients with HCM do not have a systolic pressure
gradient at rest but can have one provoked with the Valsalva
maneuver, an extrasystole, a potent systemic vasodilator
(amyl nitrate), or with inotropic stimulation.

The dynamic outflow obstruction leads to a characteris-
tic arterial pressure waveform described as a spike-and-
dome configuration, which is most apparent in the proxi-
mal aorta and transmitted to some extent to the peripheral
pulses. The early spike is owing to rapid ventricular ejec-
tion from the hypercontractile myocardium, and the pres-
sure dip and subsequent doming of the pulse reflect the
dynamic outflow obstruction. It is most evident following
conditions that increase the dynamic gradient, such as an
extrasystole or the Valsalva maneuver (Fig. 31.23). The nar-
rowing in pulse pressure of the spike-and-dome arterial
waveform is known as the Brockenbrough-Braunwald sign
(Fig. 31.24; 115). The fall in pulse pressure is felt to be
due to worsening obstruction in the setting of augmented
contractility from increased systolic calcium loading in the
cardiac myocytes. Diastolic dysfunction is also an impor-
tant hallmark of HCM (116,117) and is often evident in the
contour of the left ventricular diastolic pressure tracing
(Fig. 31.25). These diastolic abnormalities can be altered
by calcium channel blockade (116,118,119), although cau-
tion should be taken with verapamil since its vasodilator
effect may outweigh its lusitropic effect (120). 

Ventriculography typically demonstrates a hypercon-
tractile state, ventricular hypertrophy, and a small ventricu-
lar cavity. Dynamic outflow obstruction may even be visi-
ble as a swan neck deformity in a banana-shaped ventricle,
which becomes distorted from large, displaced papillary
muscles. In this setting, significant mitral regurgitation will
be present as a result of the Venturi effect. In patients with
apical hypertrophic cardiomyopathy (113), the left ventricle
shows marked thickening of its anteroapical wall, giving
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the ventricle a spade-shaped appearance. Coronary angiog-
raphy may demonstrate marked systolic compression of
septal branches of the left anterior descending artery (121)
and a “sawfish” systolic narrowing of the left anterior
descending artery (122).

Therapy for HCM is directed toward the hemodynamic
derangements. Beta-blockers and calcium channel blockers
are the cornerstones of pharmacologic therapy and act to
decrease contractility, reduce outflow obstruction, and
improve diastolic function. Because of its potent negative
inotropic property, disopyramide can also be effective.
However, its use is often limited by its anticholinergic side
effects and the risk of proarrhythmia. Maintenance of A-V
synchrony with arrhythmia control is also critical. When
pharmacologic therapies fail to improve symptoms, surgi-
cal or catheter-based approaches are indicated to relieve
outflow obstruction and decrease mitral regurgitation. 

Case 7: Alcohol Septal Ablation in a Patient With
HCM. A 51-year-old man with HCM was referred for
medically refractory symptoms of angina, dyspnea, and

exertional light-headedness. Despite escalating doses of
metoprolol, he remained symptomatic. Verapamil and
disopyramide were not tolerated. His examination was
consistent with dynamic outflow obstruction, with a spike-
and-dome carotid pulse and murmurs of outflow obstruc-
tion and mitral regurgitation that increased with the strain
phase of Valsalva. An echocardiogram showed significant
asymmetric hypertrophy (septum 23 mm, posterior wall
19 mm), modest mitral regurgitation with systolic anterior
motion of the anterior leaflet, and a resting gradient of 55
mm Hg that increased to 79 mm Hg with Valsalva. 

At catheterization, a �100 mm Hg outflow gradient and
classic findings of obstructive HCM were demonstrable with
a pigtail catheter in the left ventricular apex and with RV pac-
ing. Three mL of absolute alcohol into the first septal perfo-
rator decreased the gradient to �30 mm Hg (Fig. 31.26).

The creatine phosphokinase peaked at 1,200 units the
following day. He was discharged on the third hospital day
without heart block or arrhythmia. At follow-up 2 years
later, he remained free of symptoms.
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Figure 31.24 Hemodynamic findings in obstructive
hypertrophic cardiomyopathy (HCM). Following an extra-
systole, there is an increase in gradient and development
of a spike-and-dome configuration in the arterial pressure
waveform. The arterial pulse pressure clearly narrows in
the postextrasystolic beat compared with the beat before
the extrasystole. This narrowing of pulse pressure is
known as the Brockenbrough-Braunwald sign. LV, left ven-
tricular; FA, femoral artery.
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Figure 31.25 Abnormal left ventricular
(LV) diastolic pressure waveform in a patient
with hypertrophic cardiomyopathy (HCM).
There is no resting systolic gradient.
Impairment of diastolic relaxation is sug-
gested by the abnormal LV diastolic pattern
and the (-) dP/dt. Fluid-filled and micro-
manometer LV tracings are both shown. Ao,
aorta.



Illustrative Points. Surgical myomectomy to thin the
interventricular septum is an effective therapy for HCM
when dynamic outflow obstruction is present. In 1995,
Sigwart reported a catheter-based approach to thinning the
hypertrophied septum by selectively infarcting the septum
with ethanol using the septal perforators (123). Since that

initial report, several investigators have confirmed the
effectiveness of alcohol septal ablation (124–129), and the
procedure appears to be at least comparable with surgical
myomectomy for relief of symptoms (130). In addition to
the relief of outflow obstruction, septal ablation may also
decrease ventricular mass and improve diastolic function
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over time, presumably by relieving the stimulus for hyper-
trophy (i.e., outflow obstruction; 131,132). An important
limitation to alcohol septal ablation is the lack of long-
term follow-up data. This issue may be quite relevant, since
the creation of a myocardial infarction may lead to late
heart block and ventricular arrhythmias. In contrast, surgi-
cal myomectomy has been performed safely for more than
20 years with excellent long-term survival. 

Appropriate patient selection is paramount. Unfortu-
nately, clearly agreed on indications are still evolving. It is
important to counsel patients that septal ablation should be
considered primarily when medical therapy has been
exhausted, since long-term outcomes are unknown.
Although other investigators have found that age alone does
not predict response (129), we have found that relatively
young and otherwise healthy patients with exertional dysp-
nea are those most likely to benefit. When there are other
comorbidities, such as atherosclerosis and pulmonary dis-
ease, relief of symptoms becomes less predictable despite
relief of hemodynamic obstruction. It is not necessary for
symptomatic patients to have a significant outflow tract gra-
dient at rest to benefit from ablation (133), although the
initial reports have used a resting gradient of 30 mm Hg. 

Complications can occur and include immediate (126)
and late AV block (134), injury to the left anterior descend-
ing artery, unplanned infarction of nontarget tissue
(135,136), ventricular septal defects, and late ventricular
tachycardia (137). Although immediate heart block is com-
mon (20 to 30% of cases), need for permanent pacing is
relatively uncommon, and ventricular tachycardia is rare. In
patients at high risk for sudden death (i.e., family history of
sudden death, syncope, significant hypertrophy), postpro-
cedural permanent pacing and implantable defibrillators
are strongly recommended. Other complications are not
unique to septal ablation and include stroke, arrhythmias,
infection, endocarditis, and cardiac perforation.

Alcohol Septal Ablation—Technique

Careful hemodynamic assessment with left and right heart
catheterization, coronary angiography, and ventriculogra-
phy should precede any attempt at alcohol septal ablation.
The presence of advanced multivessel coronary artery dis-
ease is usually a contraindication to performing septal abla-
tion. Angiography also allows for identification of suitable
target septal perforators, preferably a large first septal perfo-
rator. Ventriculography is useful for determining the degree
of mitral regurgitation and location of the dynamic outflow
obstruction. Suitable echocardiography is also essential for
safe and effective septal ablation (125). If supine transtho-
racic images are not adequate, transesophageal echocardio-
graphy with anesthesia support should be considered. 

We prefer to monitor pressures continuously with a 5F
pigtail catheter in the LV apex and a 7F coronary guide to
assess the proximal pressure. Although straight end-hole
catheters are often recommended to determine the precise

location of a gradient, we find that they carry an unaccept-
able risk of perforation or entrapment and are more likely
to create ventricular arrhythmias. Options include an end-
hole-only pigtail, or an end-and-side-hole pigtail advanced
to the LV apex. If only a minimal or no resting gradient is
present, maneuvers (Valsalva, ventricular pacing, extrasys-
toles, or inotropic agents) should be used to provoke a gra-
dient. In this situation, we prefer the use of continuously
infused dobutamine because the hemodynamic response
to septal ablation can be followed during the procedure.
The inability to elicit any gradient is a contraindication to
the procedure. Because the development of bradycardia
from high-degree AV block is common, we ensure that a
pacing wire can be passed into the right ventricle. An acti-
vated clotting time (ACT) of 250 to 300 seconds should be
maintained with heparin. 

Concomitant contrast echocardiography is used to
determine the most appropriate septal perforator for
ethanol infusion by showing echo contrast localization in
the area of maximal septal bulge when the target septal is
injected. A short 1.5- to 2.0-mm over-the-wire (OTW)
coronary balloon is placed and inflated in the candidate
septal perforator over a guidewire (we prefer a highly angu-
lated hydrophilic guidewire). A contrast injection through
the guide catheter is used to confirm that only the septal
perforator is obstructed (Fig. 31.27). The guidewire is then
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Figure 31.27 Alcohol septal ablation in a patient with hyper-
trophic cardiomyopathy (HCM). Right anterior oblique cranial coro-
nary angiography shows (top left) baseline appearance of the first
septal perforator (arrow, not shown was clear “milking” of that
branch during systole owing to the compression of septal contrac-
tion), (bottom left) inflation of angioplasty balloon in that branch,
(bottom right) contrast injection via balloon central lumen, and (top
right) final result with obliteration of septal perforator is now
occluded but without compromise or embolization of the left ante-
rior descending artery.



removed and dilute Optison (1:10) is injected through the
balloon lumen to echocardiographically visualize the sep-
tal territory perfused by the target septal perforator. The
area of outflow obstruction should be opacified with little
spillover to other areas. Often, when the correct septal per-
forator is chosen, myocardial ischemia from balloon infla-
tion will be sufficient to reduce the gradient—a sensitive
sign that alcohol ablation will be effective. 

If Optison injection confirms appropriate placement, a
small amount of dilute radiographic contrast is infused
through the inflated balloon to confirm stasis in the septal
branch. One to 4 mL of dehydrated ethanol USP is then
infused slowly over several minutes through the balloon
lumen (larger volumes or more rapid infusion may distrib-
ute ethanol through collaterals to other areas of the
myocardium, causing more extensive myocardial necrosis).
Glass or special solvent-resistant plastic syringes are
needed for the ethanol. The QRS complex will usually
widen and premature ventricular contractions (PVCs) are
common. Various degrees of AV block may occur. Mild to
moderate chest discomfort is usual (and severe in some)
and should be treated with narcotics. Throughout the course
of balloon inflation, the patency of the downstream LAD
should be monitored with occasional contrast injection
through the guiding catheter. Once the outflow tract gradi-
ent is abolished, the alcohol infusion can be terminated,
and a small amount of chaser contrast injected to stain the
treated area of the septum (this contrast will persist after bal-
loon deflation). The balloon may be deflated and removed
5 to 10 minutes after completion of the ethanol injection. If
the gradient is not adequately reduced, consideration then
can be given to repeating the process in an adjacent septal
perforating branch, bearing in mind that each additional
amount of alcohol increases the risk of AV block.

If there is any evidence of AV block (other than first
degree) following the procedure, a temporary pacing wire
should be placed. Even if AV block does not occur during
the procedure, permanent pacing should be considered
since conduction abnormalities and syncope may develop
days later. The creatinine phosphokinase will typically peak
the day after the ablation and often reaches 1,000 to 1,500.
Patients should be maintained on aspirin indefinitely.
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32Profiles in Pericardial

Disease
John F. Robb Roger J. Lahama

The pericardium covers and contains the heart and thereby
has important anatomic and physiologic functions. It con-
sists of both a visceral and a parietal component, each com-
posed of an inner layer of mesothelial cells covering an
underlying fibrosa. The visceral pericardium is attached to
the heart by loose connective tissue and surrounds the epi-
cardial fat pads and coronary arteries. At the pericardial
reflections, it extends onto the pulmonary veins, superior
and inferior vena cavae, and several centimeters of proximal
pulmonary artery and aorta, before folding around to con-
tinue as the parietal (or free) pericardium. The parietal peri-
cardial then envelops the heart and visceral pericardium as
a separate 1- to 2-mm-thick layer. The pericardial space lies
between the visceral and parietal layers and normally con-
tains 15 to 35 mL of serous pericardial fluid—an ultrafil-
trate of plasma. If outward pressure is exerted by chronic
pericardial effusion or cardiac chamber dilation, the peri-
cardial layers can stretch slowly over time, but over shorter
periods, the pericardium behaves as a fixed-capacity sac.
Both the parietal and visceral pericardium are supplied by
nerves, arteries, and lymphatics and are metabolically
active, producing prostaglandin E, eicosanoids, prostacy-
clin, and growth factors. Inflammatory cytokines, comple-
ment myocardial cellular enzymes, and other factors may
appear in the pericardial fluid in response to inflammation
or transmural myocardial ischemia and necrosis and may
affect the underlying myocardium, cardiac nerves, and
coronary arteries (1).

The pericardial pressure is usually subatmospheric (�5
to �5 mm Hg) and tracks with intrathoracic pressure during

the respiratory cycle (1). During inspiration, intrapleural
pressure and pericardial pressure fall more than systemic
venous pressure, augmenting the right atrial filling gradi-
ent and right ventricular stroke output. In contrast, the
falling intrapleural pressure during inspiration reduces
pulmonary venous pressure, and thus decreases the left
atrial filling gradient and left ventricular filling. Together
with an increase in left ventricular afterload (owing to an
increase in the relative difference between left ventricular
end-diastolic and aortic pressure), this reduces left ventric-
ular stroke output during inspiration. These effects are
reversed during expiration. Under normal conditions, the
hemodynamic effects of respiration thus cause cyclical
changes in ventricular stroke output that are nearly 180	

out of phase between the right and left ventricles. 
The parietal pericardium also contributes to the dia-

stolic compliance characteristics of the heart, especially
over the thin-walled atrial and right ventricular chambers
(2,3). The pericardium thus limits acute cavity dilation in
situations such as right ventricular infarction, massive pul-
monary embolism, and acute aortic insufficiency. If excess
pericardial fluid accumulates in the pericardial space
beyond its limited capacity to stretch, the pericardial pres-
sure rises and begins to progressively compress the under-
lying cardiac chambers. Since this pressure is applied
equally to all chambers, a rising pericardial pressure cou-
ples the diastolic behavior of the left and right ventricles
together and creates ventricular interdependence whereby
changes in pressure and volume in one ventricle thus pro-
duce changes in diastolic filling, contraction, and relax-
ation in the other ventricle (1). For example, acute
increases in right ventricular size (such as in right ventricu-
lar infarction or pulmonary embolism) will increase the
intrapericardial pressure, cause an increase in the stiffness
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of both ventricles, and reduce their compliance. Whenever
right ventricular diastolic pressure exceeds left ventricular
diastolic pressure, the common external pericardial con-
straint can cause the intraventricular septum to shift left-
ward and impede left ventricular filling. 

Pericardial disease can manifest as fluid accumulation
owing to injury or inflammation (pericardial effusion, pos-
sibly leading to pericardial tamponade) or as progressive
thickening of the parietal and/or visceral pericardium
(possibly leading to pericardial constriction). Either tam-
ponade or constriction impedes diastolic filling, elevates
right and left heart diastolic pressures, and reduces cardiac
output, but these two processes differ significantly in the
pattern of diastolic filling impairment during each cardiac
cycle and the hemodynamic response to respiration. There
are thus distinctive echocardiographic and hemodynamic
profiles for tamponade versus constriction, and for con-
striction as opposed to restrictive cardiomyopathy in which
impaired left ventricular diastolic filling is owing to reduced
myocardial compliance without pericardial involvement
(see also Chapter 20). 

PERICARDITIS, PERICARDIAL EFFUSION,
AND TAMPONADE

Discussion of the myriad of causes of pericarditis and peri-
cardial effusion are beyond the scope of this chapter, but
suffice it to say that virtually any pathologic process can
affect the pericardium (4) and cause a detectable pericar-
dial effusion whenever the rate of accumulation of pericar-
dial contents (transudate, exudate, pus, blood, or gas)
exceeds the reabsorption ability of the pericardium. The
most common causes of pericardial effusion are idiopathic
pericarditis (presumably viral), trauma (including iatro-
genic catheter injury to the cardiac chambers or vessels),
malignant, post-myocardial infarction, uremic, connective
tissue disease/ autoimmune, myxedema and radiation
(5,6). Infectious or purulent pericarditis is most com-
monly caused by Staphylococcus aureus, followed by other
Gram-positive organisms, fungal or mycobacterial infec-
tions (7,8). Myocarditis and pericarditis frequently coexist,
and elevations of cardiac troponin levels can be seen in
both (9). Acute pericardial injury of any type can also trig-
ger an autoimmune process that can lead to continued or
recurrent effusion. 

Patients with acute pericarditis often experience sharp,
aching, or pressurelike precordial pain that is worsened by
cough, inspiration and, recumbency. Pain may radiate to
the shoulders (1) and may be confused with angina or
acute myocardial infarction, particularly since the ECG
may show diffuse concave ST-segment elevation. One dis-
tinguishing feature, however, is the concomitant depres-
sion of the PR segment depression and the absence of reci-
procal ST depression. A pericardial friction rub and fever
may be present, but rigors or spiking fevers should raise the

concern of purulent pericarditis. The mainstay of diagnosis
is echocardiography, which clearly shows an effusion.
Fluid first accumulates posteriorly and then extends anteri-
orly. Small effusions have �10 mm clear space between the
heart and parietal pericardium, moderate effusions have a
10- to 20-mm gap, and large effusions have a �20-mm
gap. The size of the effusion correlates roughly with prog-
nosis (10). Effusions may be loculated (partitioned) by
nonuniform fibrous adhesions that form between the pari-
etal and visceral pericardium, a pattern typically observed
after cardiac surgery. Echocardiography also reveals the
extent to which the pericardial pressure is compromising
cardiac function, showing early diastolic collapse of the
right ventricle as pericardial pressure transiently exceeds
intracavitary pressure. In idiopathic pericarditis, the effu-
sion usually resolves spontaneously or after symptomatic
treatment with nonsteroidal anti-inflammatory agents and
sometimes colchicine (11) or corticosteroids. 

Chronic idiopathic effusions may also persist without
symptoms or signs of tamponade despite effusion, and
volumes �500 mL may be followed conservatively with
serial echocardiograms if asymptomatic (12). On the other
hand, significant pericardial effusion with even early signs
of hemodynamic compromise is usually an indication for
prompt drainage (pericardiocentesis, or surgical sub-
xiphoid window placement). By the time the classic bedside
findings of jugular venous distension and pulsus para-
doxus (fall in systolic arterial pressure on normal inspira-
tion) develop, only a small further accumulation of fluid
separates the patient from frank hemodynamic collapse.

PERICARDIOCENTESIS

The main pericardial procedure performed in the catheter-
ization laboratory is needle puncture and catheter drainage
of pericardial fluid—pericardiocentesis. Diagnostic pericar-
diocentesis may be performed to evaluate the etiology of
pericarditis, particularly for suspected purulent or tubercu-
lous pericarditis, persistence or recurrence of a large effu-
sion, or a high suspicion of malignant effusion without a
tissue diagnosis from the primary site. The diagnostic yield
for pericardial fluid analysis is quite low, with as few as 6%
of diagnostic procedures and 29% of therapeutic proce-
dures yielding useful information (13–15). Diagnostic
yield tends to be higher in large pericardial effusions (16). 

Pericardial fluid always should be sent for cell count;
Gram, AFB, and special stains; cultures (aerobic, anaerobic,
AFB, fungal), and cytology. Although differentiation
between an exudate and a transudate can be accomplished
with fluid protein and LDH levels, such differentiation is
of dubious value as the timing of sampling and effects of
treatment may alter values, and there is poor sensitivity
and specificity with significant overlap between the exuda-
tive and transudative groups (15). Since most effusions are
serosanguineous or hemorrhagic, fluid appearance is not
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useful in differentiating various etiologic groups with the
exception of purulent fluid that is specific but not sensitive
for infection. As long as adequate samples are obtained,
fluid cytology has 92–95% sensitivity and 100% specificity
for malignant pericardial effusion, although nonmalignant
effusions are also common in patients with underlying
malignancy. There are no specific pericardial fluid findings
for postpericardiotomy syndrome, radiation or uremic
pericarditis, hypothyroidism, or trauma. Special circum-
stances may require additional analysis for the following:
viral cultures for viral infection, fluid cholesterol level in
myxedema, fat studies for chylopericardium, latex fixation
for rheumatoid antigen, gamma globulin complexes and
fluid complement levels for rheumatoid arthritis, fluid
antinuclear antibody levels for systemic lupus erythemato-
sus, as well as tuberculosis stains or and cultures, fluid
adenosine deaminase (17) or polymerase chain reaction
(18) for tuberculosis. Purulent pericarditis may be associ-
ated with a low pH, high protein levels, glucose levels �35
mg/dL, and elevated leukocyte counts in the range of 6,000
to 240,000/mm3 (7,19).

The diagnostic yield may be increased by retrieval of
pericardial tissue by a surgical pericardial biopsy performed
via thoracotomy, subxiphoid incision, or thoracoscopy.
Percutaneous pericardial biopsy (assisted by pericar-
dioscopy) has lead to a specific diagnosis in 49 to 53% of
patients in several limited series (20,21). The pericar-
dioscopy technique is not widely available and requires sur-
gical or 16F percutaneous pericardial access. In hemor-
rhagic effusion, obtaining adequate parietal pericardial
visualization may require 2 to 3 days of active drainage,
replacement of pericardial effusion with saline, and instilla-
tion of 100 to 300 mL of air (21). Several small uncon-
trolled series suggest that this approach may increase the
likelihood of obtaining a definitive diagnosis in patients
with large recurrent pericardial effusions and in patients in
whom there is a strong clinical suspicion of malignant peri-
carditis or tuberculous pericarditis. In a prospective series of
141 patients with unexplained pericardial effusions who
underwent 142 surgical pericardioscopy including cytologi-
cal fluid analysis, visualization of the pericardium, and
guided biopsy, a specific etiologic cause (neoplastic,
infected purulent, or sterile radiation-induced effusion) was
identified in 49%, whereas 51% were considered idio-
pathic. Of note, an unrecognized cause not detected by
pericardioscopy-biopsy was subsequently discovered in 4%
(22). No deaths were attributable to pericardioscopy but in-
hospital mortality was 5.6% related to underlying disease. 

In another series, 35 patients with pericardial effusion
owing to inflammatory disease underwent pericar-
dioscopy, and pericardial biopsies were performed.
Diagnosis of viral pericarditis, lymphocytic perimyocardi-
tis, bacterial pericarditis, and antibody-mediated autoreac-
tive pericarditis were obtained; however, it was unclear if
this resulted in a change of management strategy (23). The
same authors reported a series of 14 patients with idiopathic

pericarditis and 15 patients with malignant pericarditis
who underwent percutaneous pericardioscopy with both
pericardial and epicardial biopsy from a registry of 136
patients undergoing pericardiocentesis. In this experience,
subxiphoid pericardiocentesis and sampling of fluid for
cytology, immunologic studies, and culture was performed
first, followed by evacuation of pericardial fluid, replace-
ment of warmed clear sterile saline in the pericardial sac,
and introduction of both rigid and flexible pericardio-
scopes. Both epicardial biopsies and pericardial biopsies
were obtained with a resterilizable bioptome, after site
selection by both pericardioscopy and biplane fluoroscopy,
before the saline was evacuated. In this series of patients
with proven malignant pericarditis, fluid cytology was
diagnostic in 71% and epicardial biopsy was diagnostic in
80% (24,25). 

In a more recent study by Seferovc, 49 patients with a
large pericardial effusion underwent parietal pericardial
biopsy using fluoroscopy or pericardioscopy guidance (for
more extensive sampling). Diagnostic efficiency was
improved by extensive sampling (4 to 20 biopsies) com-
pared with a single biopsy (40% versus 8.3%, P � .05; 26) In
our experience and in several series of pericardiocentesis in
patients with malignant effusion, cytologic examination is
positive in about 80 to 85% of cases and false-negative
cytologic analysis is rare in carcinomatous pericarditis (as
opposed to malignant involvement by lymphoma or me-
sothelioma). In the era of molecular diagnostic tools, a
clear role for diagnosis pericardioscopy and directed peri-
cardial and/or epicardial biopsy is not yet defined relative
to cytologic examination of recovered fluid. 

Therapeutic pericardiocentesis is indicated for any sign
or symptom of tamponade, limiting dyspnea (16), symp-
toms of compression of surrounding structures such as
lung or esophagus, and acute hemopericardium with circu-
latory compromise following a catheter-based or surgical
intervention. The diagnosis of early tamponade is usually
made echocardiographically. Hemodynamically, the diag-
nosis of tamponade is made if there is identical elevation
of left- and right-sided diastolic pressures with loss of the y
descent in a patient with pericardial effusion. Note how-
ever, that pericardiocentesis is contraindicated for hemo-
pericardium or tamponade in the presence of a diagnosed
ascending aortic dissection, as it can accelerate bleeding
and shock (27), making immediate surgery preferable in
this circumstance. Another particular example in which
emergency pericardiocentesis is required is when catheter
injury to a cardiac chamber or vessel produces acute hemo-
pericardium. This may happen as the result of temporary
pacemaker placement in the right ventricle, passage of a
stiff right heart catheter, endomyocardial biopsy, trans-
septal puncture, retrograde crossing of a stenotic aortic
valve with a straight guidewire, coronary atherectomy or
high-pressure stent dilation, or passage of a stiff hydrophilic
guidewire into a small coronary branch in a patient receiv-
ing a glycoprotein IIb/IIIa platelet antagonist. 
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The patient may complain of chest pain, followed by pro-
gressive hypotension and tachycardia. Bradycardia may also
appear owing to stimulation of the vagal nerve by blood in
the pericardium, but the hypotension persists after the brady-
cardia has been resolved by atropine administration. Careful
fluoroscopy of the right and left heart borders may show that
the normal pulsations of the heart have been replaced by an
immobile tense pericardial shadow, and right heart catheter-
ization may show the classic hemodynamic findings described
below as well as inability to advance the right heart catheter
fully to the right atrial border. Urgent pericardiocentesis may
be lifesaving in this situation. When the cause of bleeding
into the pericardium is injury to a coronary artery, either
placement of a fabric-covered stent or coil embolization of a
small bleeding distal branch may be required. Ongoing
bleeding after initial drainage and reversal of anticoagula-
tion, however, usually warrants emergency surgery.

Pericardiocentesis: Technique

At most centers, pericardiocentesis is performed in the car-
diac catheterization laboratory using a combination of
echocardiographic and fluoroscopic guidance. It is helpful
to obtain a two-dimensional echocardiogram just prior to
the procedure to document the presence, location, and size
of the effusion; to determine the presence of loculation or
significant stranding; and to determine the location on the
body surface where the effusion lies closest to the surface
and at which the fluid depth overlying the heart is maxi-
mal (28). Once an entry location is selected, the echo can
indicate the optimal direction for needle passage and the
approximate depth of needle insertion that will be required.
Some centers have reported pericardiocentesis using echo-
cardiographic guidance alone (29), but we have found that
access to pressure measurement, continuous ECG and vital
sign monitoring, and fluoroscopy with the ability to inject
radiographic contrast in the cardiac catheterization labora-
tory to be preferable, particularly in difficult or challenging
cases, in patients with small or localized effusions or when
complications ensue. It is important to have access to ade-
quate ancillary support and other technologies in hemody-
namically unstable patients, unless an emergency requires
a bedside procedure (30). Performing the procedure in the
catheterization laboratory in conjunction with right heart
pressure measurement is also required if the diagnosis of
effusive-constrictive pericarditis is suspected, the effusion
is small or loculated, or if the patient is hemodynamically
unstable. 

The patient torso is propped up to a level of about 45°
using a bolster or other mechanism, and the transducers
are zeroed to the level of the heart in this position. The
subxiphoid approach is classic: a skin nick is made 1 to 2
cm below the costal margin just to the left of the xiphoid
process, to allow the needle to miss the ribs. The desired
needle path is generally toward the posterior aspect of the
left shoulder, passing anterior to or through the anterior

capsule of the liver, and entering the pericardial space over-
lying the right ventricle. Echocardiography from the sub-
xiphoid window is thus very useful to confirm the optimal
direction toward the pericardial entry point and the approx-
imate depth below the skin. When this geometry is unfa-
vorable—as in posterior effusions or patients with large
body habitus—apical or low parasternal intercostal punc-
ture sites are potential alternatives. Since echocardiography
does not image through air (and to avoid pneumothorax),
sites with significant intervening lung should be excluded;
care should be taken in the parasternal approach to avoid
the internal mammary artery that runs 3 to 5 cm from the
parasternal border, and also the neurovascular bundle at
the lower margin of each rib. 

After a sterile prep and appropriate draping, the skin
and subcutaneous tissues are infiltrated with lidocaine
with a small-gauge needle along the proposed path of
entry. We then usually use a 5- to 8-cm, 18-gauge needle
attached to a 10-mL syringe filled with saline or lidocaine
and inserted following the echo-determined trajectory. As
the needle is advanced, the syringe is alternately aspirated
to determine pericardial space entry and injected to deliver
more local anesthesia along the route. If a three-way stop-
cock is interposed between the syringe and the needle, it can
be used to connect to a pressure manifold via a fluid-filled
extension tube. Classically, electrocardiographic monitor-
ing of the needle (by attaching its shaft to the V lead of the
ECG system using a sterile alligator clip) was used to pro-
vide an additional measure of safety: the ST segment
recorded from the needle should be isoelectric during
advancement, but dramatic elevation of the ST segment
appears if the needle contacts the right ventricular epi-
cardium. The needle must be withdrawn slightly until ST
elevation resolves to minimize the chance of right ventricu-
lar puncture or laceration. Use of a properly grounded ECG
system is imperative to avoid introducing leakage currents
through the needle. Recently, we have started using a blunt-
tip epicardial needle (Tuohy-17) to minimize risk of right
ventricular puncture. This technique may be also modified
to enable access of the normal pericardium for drug deliv-
ery and epicardial mapping (see below; 31,32). 

When the needle enters the pericardial space, a distinct
pop is usually felt and it is possible to aspirate fluid. We
then turn the interposed stopcock to display intrapericar-
dial pressure, which should be superimposable on the
simultaneously displayed right atrial pressure from the
right heart catheter. The waveform should emphatically
not resemble that of right ventricular pressure (Figs. 32.1,
32.2). If the pericardial needle tip displays a right ventricu-
lar waveform, the tip is quickly but smoothly withdrawn
under continuous hemodynamic monitoring until the
overlying pericardial space is entered. Entry of the pericar-
dial space can be confirmed by injection of radiographic
contrast, agitated saline echo contrast, or the advancement
of an 0.035-inch J wire in the characteristic path wrapping
around the heart. An 8F dilator is then introduced over the
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guidewire, followed by a drainage catheter (straight or pig-
tail shaped, with multiple side holes). If difficulty is
encountered in advancing the drainage catheter, the dilator
can be reintroduced and used to substitute an extra-stiff J
wire for better support. We usually attach a 50-mL syringe
and three-way stopcock to the drainage catheter, connect-
ing an extension tube from the other port of the three-way
stopcock to a drainage bag or vacuum bottle. This allows

fluid to be aspirated into the syringe and transferred to the
bottle. Removal of as little as 50 mL is often sufficient to
relieve frank tamponade and improve hemodynamics.
After removal of 100 to 200 mL of fluid, it is informative to
remeasure the pericardial and right atrial pressure before
resuming aspiration. 

When fluid can no longer be aspirated, fluoroscopy
should show that the previously immobile cardiac silhouette
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Figure 32.1 Diagram showing the subxiphoid
approach to pericardiocentesis. A hollow, thin-walled,
18-gauge needle is connected via a three-way stop-
cock to an aspiration syringe filled with 1% Xylocaine
and to a short length of fluid-filled tubing connected
to a pressure transducer. A sterile V lead of an elec-
trocardiographic recorder may be attached to the
metal needle hub. The needle is advanced until peri-
cardial fluid is aspirated or an injury current appears
on the V-lead electrocardiographic recording. Once
fluid is aspirated, the stopcock is turned so that
needle-tip pressure is displayed against simultane-
ously measured right atrial pressure from a right heart
catheter. When needle-tip position within the pericar-
dial space is confirmed, a J-tipped guidewire is
passed through the needle into the pericardial space,
the needle is removed, and a catheter with end and
side holes is advanced over the guidewire and subse-
quently connected via the three-way stopcock to both
its transducer and the syringe. This permits, first,
thorough drainage of the pericardial effusion using a
catheter rather than a sharp needle, and second, doc-
umentation that tamponade physiology is relieved
when right atrial pressure falls and intrapericardial
pressure is restored to a level at or below zero.

Figure 32.2 Diagram showing the subxiphoid approach to pericardiocentesis. Left. Needle set
up with syringe (A), three-way stopcock (B), needle (C; we currently use the Tuohy-17 blunt-tip nee-
dle), pressure tubing (D), pressure transducer (E). Right. The patient had an existing PA catheter. A
high-fidelity catheter is placed in the right atrial (RA) for simultaneous pericardial-RA recording. The
needle is slowly inserted through the skin toward the pericardial space under echocardiographic or
fluoroscopic guidance and ECG monitoring. When fluid is aspirated, the stopcock is turned to dis-
play intrapericardial pressure. The mean pericardial and right atrial pressure are simultaneously dis-
played and recorded. If cardiac tamponade is present, both pericardial pressure and RA pressures
will be virtually equal, with nearly identical waveforms. The needle’s position in the pericardial space
may be confirmed by slow injection of 5 to 10 mL of radiocontrast (large arrows). If in the pericardial
space, this contrast will slowly dissipate and outline the beating heart as a negative contrast object
within. The needle is then used to place a guidewire to wrap around the heart, over which a drainage
catheter is positioned in the pericardial space.



now exhibits a normal pulsation pattern, and a repeat
echocardiogram should show only minimal posterior effu-
sion. Occasional patients will experience pericardial pain
when the effusion is tapped dry. Parenteral narcotic anal-
gesics and benzodiazepines can be administered, and if the
pain is severe, 50 mL of pericardial fluid, sterile saline, or
10 to 20 mL of 1% Xylocaine can be reintroduced to help
ease the pain. The patient should be laid flat and a final set
of pericardial and right heart pressures measured. As
shown in Fig. 32.3, the abnormal physiology of cardiac
tamponade is relieved if: (a) pericardial pressure falls to a
level �0 mm Hg and separates from the right atrial pres-
sure; (b) right atrial pressure itself falls to the normal range
and exhibits return of the normal diastolic y descent (indi-
cating restoration of normal rapid atrial emptying and
early ventricular diastolic filling); and (c) any pulsus para-
doxus is relieved. In previously hypotensive patients, sys-
temic arterial pressure usually rises in association with an
increase in mixed venous oxygen content, indicative of an
increase in cardiac output. Failure of pericardial pressure to
fall close to 0 indicates that the reference height of the
transducers is incorrect or that free or loculated pericardial
fluid is still under pressure. If the pericardial pressure falls
appropriately but the right atrial pressures remain elevated
with prominent x and y descents, the diagnosis of effusive-
constrictive pericarditis must be entertained, with an ongo-
ing element of constriction after the tamponade physiol-
ogy has been relieved.

We then sew the drainage catheter in place attached to a
sterile fluid path (stopcock, syringe, and drainage bag) to
allow the postprocedure nursing staff to periodically
attempt additional aspiration. Sterility must be tightly main-
tained with this technique, because regularly interrupting
the integrity of the drainage circuit may introduce infectious
agents. Other institutions rely on continuous or intermittent
suction applied via a water-seal device. The pericardial
catheter is removed when the drainage has decreased to �25
to 50 mL per 24 hours and there is no echocardiographic
evidence of reaccumulation of fluid. Subsequently, periodic
echo reassessment for fluid reaccumulation should be per-
formed. Larger effusions may benefit from slightly more
prolonged drainage, but �48-hour dwell time should be
avoided to reduce the risk of infection (33).

Pericardiocentesis: Complications

The safety and success of percutaneous pericardiocentesis is
related to the choice of entry site as well as to the size of the
effusion. Pericardiocentesis is most likely to be uncompli-
cated if both anterior and posterior echo-free spaces of at
least 10 mm (29). In smaller effusions, there is an increased
risk of cardiac injury, so pericardiocentesis should usually
be avoided in minimally symptomatic patients with small
incidental effusions, unless there is clear echocardiographic
evidence of hemodynamic compromise. The risk is also
increased in patients who are anticoagulated with warfarin,
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Figure 32.3 Simultaneous right atrial (RA) and intrapericardial
pressure (scale 0 to 40 mm Hg) and femoral artery (FA) pressure
(scale 0 to 100 mm Hg) recorded in a patient with cardiac tampon-
ade. A. Recordings before pericardiocentesis show the presence
of systemic hypotension and the elevation and equalization of the
RA and intrapericardial pressures. Note that a systolic x descent is
present, but the diastolic y descent is absent, suggesting that RA
emptying in early diastole is impeded because of cardiac com-
pression by the pericardial effusion. B. After aspiration of 100 mL
of pericardial fluid, RA and intrapericardial pressures have fallen
and are beginning to separate, and systolic arterial hypertension
has improved compared with baseline. C. After aspiration of a
total of about 300 mL of pericardial fluid, tamponade physiology
is relieved, as evidenced by (a) restoration of intrapericardial pres-
sure to zero, (b) restoration of RA pressure to a normal level, and
(c) reappearance of the diastolic y descent in the RA waveform,
indicative of the relief of cardiac compression in early diastole.
Note the negative fluctuation in intrapericardial pressure during
inspiration, accompanied by an increased steepness in the fall of
RA pressure during the x and y descents. Although this degree of
fluid aspiration completely relieved tamponade physiology, an
additional 1,500 mL of fluid was removed from the pericardial
space.



so pericardiocentesis should be deferred if possible until
the international normalized ratio (INR) is within normal
range. If hemodynamic status demands urgent pericardio-
centesis in the patient with elevated INR, fresh frozen
plasma should be administered in the catheterization suite
immediately after catheter access to the pericardium is
achieved by an expert operator and drainage is initiated (to
avoid conversion of a free hemorrhagic effusion into mix-
ture of fluid and gelatinous clot). 

A series of 960 consecutive pericardiocenteses per-
formed at the Mayo Clinic (30) included 9.6% performed
for cardiac perforation complicating catheter-based proce-
dures. Using echocardiographically guided pericardiocente-
sis, tamponade was relieved in 99% and further pericardial
drainage was required in only 18%. But pericardiocentesis
can cause complications that include laceration of a cham-
ber wall or laceration of a coronary artery or vein, which
can result in hemopericardium, worsening tamponade, or
circulatory collapse. Perforation of the ventricular myo-
cardium with just the needle usually does not result in sig-
nificant bleeding and is usually well tolerated, but reflex
hypotension can occur. Ventricular and atrial arrhythmias
may occur as a result of mechanical irritation from the nee-
dle, guidewire, or catheter, but are usually transient and
not life threatening. Pneumothorax can occur as the result
of entry into the pleural space, and laceration of the liver or
penetration of the stomach, colon, or spleen have also
been described as complications of pericardiocentesis via
the subxiphoid route. Right and left ventricular failure, pul-
monary edema, and exacerbation of bleeding from an
ascending aortic dissection have been described following
pericardiocentesis (27,34–37)

Case 1: Pericardial Tamponade. A 55-year-old man
presented with unstable angina. Severe stenoses in the
proximal and mid LAD were stented, but a shelflike step-
up was seen within the stented segment. That area was
postdilated at 16 atm, with vessel perforation noted
immediately on deflation (Fig. 32.4). Hypotension
ensued, and the 3.0-mm balloon was reinflated to block
the vessel as emergent subxiphoid pericardiocentesis was
performed. The contralateral femoral artery was punc-
tured to allow introduction of an 8F XB3.5 guiding
catheter, through which a second BMW wire was advanced
to the distal vessel. The 3.0-mm balloon was deflated and
removed through the initial 6F guiding catheter as a 3.0
� 16 Jomed covered stent was advanced to span the area
of perforation. Delivery of the stent and postdilation at
18 atm sealed the perforation. The cardiac surgeons were
present in the catheterization laboratory and agreed with
continued nonoperative management, given that bleed-
ing had been stopped and the vessel was patent. No fur-
ther pericardial problems were noted, and the drain
came out the next day. The patient did have moderate
myocardial infarction (MI) owing to occlusion of diago-
nals, but the stent remained open at restudy day 3, and
the patient went home on day 4.

CONSTRICTIVE PERICARDITIS

Constrictive pericarditis is a symmetrical process in which
scarring of both the parietal and visceral pericardial layers
constrains all cardiac chambers. Localized constriction may
rarely produce external compression and stenosis of the
mitral and tricuspid valves (38). In the chronic stage of con-
striction, pericardial calcification may develop, but absence
of calcification can be seen in more recent constriction
despite severe hemodynamic compromise. Although tuber-
culosis was once the most important cause of constrictive
pericarditis, the most common causes of constrictive peri-
carditis today are recurrent idiopathic or viral pericarditis,
delayed constriction after mediastinal radiation therapy
(sometimes years later), and pericarditis after open heart
surgery (39–41). Less common causes include any cause of
acute pericarditis including neoplasm, septic pericarditis
including opportunistic AIDS-related infections, chronic
renal failure, post–myocardial infarction syndrome (Dressler),
drugs, and connective tissue or autoimmune disorders.
Some patients with acute pericarditis may develop transient
mild pericardial constriction that resolves spontaneously
within a few months of the initial illness (42). Constrictive
pericarditis should be considered in any patient with
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Figure 32.4 Coronary perforation and management. Top left.
Immediately after 18 atm postdilation of a mid-LAD stent through
a 6F catheter, coronary perforation with free extravasation of con-
trast was noted (arrow). Top right. The patient became hypoten-
sive within minutes, and the angioplasty balloon was reinflated
within the area of perforation to seal the leak as pericardiocentesis
was performed via the subxiphoid route. Bottom left. Via the con-
tralateral groin, an 8F guiding catheter was engaged in the left
coronary ostium, and a wire and Jomed covered stent were
advanced to the point of perforation. Bottom right. After this
stent was deployed, there was no further extravasation, and the
heparin was not reversed as the platelet glycoprotein IIb/IIIa
receptor blocker was continued to protect the patency of the
stents that had been placed in the right coronary artery and proxi-
mal LAD prior to the perforation. LAD, left anterior descending.



unexplained jugular venous distension, systemic edema,
hepatic congestion, and dyspnea. It should also be considered
in the postoperative heart surgery patient who has unex-
plained tachycardia, low cardiac output, and venous conges-
tion in the first months after surgery.

The clinical features of constrictive pericarditis reflect
the physiologic effects produced as the constricting peri-
cardium restricts cardiac filling and causes the gradual
development of systemic venous and pulmonary venous
hypertension followed by reduction of cardiac output. In
patients in whom right and left atrial pressures are elevated
in the range of 10 to 18 mm Hg, symptoms and signs of
systemic venous congestion predominate. These include
leg edema, postprandial discomfort, hepatic congestion,
and ascites. As right and left heart filling pressures become
elevated to a level of 18 to 30 mm Hg, exertional dyspnea
and orthopnea appear, and pleural effusions may develop.
As stroke volume falls, compensatory increases in systemic
resistance and sinus tachycardia develop, which initially
help maintain cardiac output and systemic blood pressure
at rest, although the inability to augment cardiac output
during exercise causes exertional fatigue and dyspnea. As
resting cardiac output then begins to fall, severe lethargy
and cardiac cachexia may occur. 

The electrocardiogram usually shows reduced voltage
and diffuse ST-T wave abnormalities that may be mistaken
for ischemic coronary artery disease. Atrial fibrillation is
present in about 10% of patients. The chest roentgenogram
may show a small, normal, or modestly enlarged cardiac
silhouette with redistribution of pulmonary flow or pleural
effusions. The finding of pericardial calcification on the
lateral projection may be present in about 50% of cases.
Pericardial thickening, when present, is best demonstrated
by cine and gated magnetic resonance imaging (MRI) and
computed tomography (CT) with and without contrast
enhancement (4). The mean normal pericardial thickness
in adults is 1.2  0.8 mm (two standard deviations
[SD])—a pericardial thickness �3.5 mm indicates patho-
logic thickening, whereas any thickness �6 mm is specific
for pericardial constriction. The finding of a pathologic
increase in pericardial thickening supports the diagnosis,
but does not demonstrate that constrictive physiology is
present; conversely, hemodynamically significant constric-
tion can be present with a tough but minimally thickened
pericardium. CT or MR may also demonstrate small
deformed ventricles, dilated left atrium, and dilated venae
cavae. Measurement of pericardial thickness can also be
achieved by transesophageal echocardiography (43),
which may show pericardial thickening, dilatation of the
superior and inferior vena cavae, diastolic flattening of the
posterior ventricular wall, and abrupt cessation of ventricu-
lar dimension change in early diastole. 

Right and left heart catheterization and angiography
should be performed in every patient with suspected con-
strictive pericarditis (a) to confirm the presence of constric-
tive physiology and assess its severity before consideration

of pericardiectomy; (b) to assist in differentiating pericar-
dial disease from restrictive cardiomyopathy; (c) to exclude
major coexisting causes of right atrial hypertension, such
as severe pulmonary hypertension; and (d) to exclude rare
instances of localized constriction causing external valvular
constriction or pinching of the epicardial coronary arteries.
Endomyocardial biopsy (see below and Chapter 20) is
sometimes useful in excluding a restrictive cardiomyopa-
thy before surgical exploration for pericardial stripping is
contemplated.

Both pericardial constriction and cardiac tamponade
increase ventricular interdependence (see above), in which
filling of one ventricle limits simultaneous filling of the
other ventricle owing to the shared mechanical constraint
of the pericardium and the interventricular septum. The
pericardial constraint of the left and right ventricles in car-
diac tamponade is coupled by uniform liquid pressure on
the heart, whereas it is uncoupled in constriction given
regional differences in surface pressure (44). Coupled con-
straint (tamponade) produces greater ventricular interde-
pendence, so that increased inspiratory filling of the right
ventricle results in highly coupled reduction in filling of
the left ventricle (hence the occurrence of pulsus para-
doxus), whereas uncoupled constraint (constriction) has a
more modest effect on ventricular interdependence but
more prominently reduces the effective elastance of the
thin-walled right ventricle (hence the Kussmaul sign, an
increase in right atrial pressure during inspiration; 45).
This provides a framework for understanding the steady
state and respiratory-related events that are detected by
complementary echo-Doppler and hemodynamic evalua-
tions in constrictive pericarditis and cardiac tamponade. 

The right and left ventricular pressures should be mea-
sured simultaneously at equisensitive gains, with meticu-
lous attention to zeroing, calibration and elimination of
waveform damping. In constrictive pericarditis with ele-
vated atrial pressures, early diastolic filling of the ventricles
is unimpeded and abnormally rapid, but late diastolic fill-
ing is abbreviated and halts abruptly when total cardiac
volume expands to the volume limit set by the stiff
pericardium. This is reflected in the diastolic dip-and-plateau
pattern in the right and left ventricular waveforms. Right
and left ventricular diastolic pressures are typically equal-
ized or nearly so. In the right atrial waveform, a prominent
and rapid diastolic y descent is followed by a steep A wave
and a blunted systolic x descent because the atrium is
attempting to eject blood into a right ventricle that is
already filled to capacity. In the right or left atrial wave-
form, the x and steep y descents impart to the characteristic
M or W configuration (Fig. 32.5). Right and left atrial pres-
sures may differ if coexisting mitral or tricuspid regurgita-
tion is present associated with a large V wave in either
atrium. In a patient with constriction and superimposed
hypovolemia, a rapid volume challenge of 1,000 mL nor-
mal saline solution may be useful to unmask the hemody-
namics of constrictive pericarditis. Tachycardia, inadequate
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transducer zeroing, and transducer underdamping may
obscure the evaluation of diastolic waveforms (Fig. 32.6).

Examination of respiratory fluctuations in hemody-
namics is an important component of the cardiac catheter-
ization for constriction. In severe pericardial constriction,
negative intrathoracic pressure during inspiration is not
communicated to the intrapericardial space and the right
heart. There is typically little respiratory variation in right
atrial pressure. This contrasts with both normal subjects
and patients with cardiac tamponade who demonstrate a
fall in systemic venous and right atrial pressures during
inspiration. In extreme cases, systemic venous pressure
increases during inspiration (Kussmaul sign), as illustrated
in Fig. 32.7; 45). Using micromanometer pressure measure-
ments, Hurrell et al. (46) reported that discordance of right
and left ventricular systolic pressures during respiration is
an indicator of increased ventricular interdependence in
constrictive pericarditis. As illustrated in Fig. 32.8, the
inspiratory augmentation of right heart filling, stroke out-
put, and right ventricular systolic pressure occur simultane-
ously with a fall in left ventricular systolic pressure, which
results from an inspiratory fall in intrathoracic and pul-
monary venous pressures and a reduction of left heart fill-
ing and stroke volume. This finding helps distinguish
patients with surgically proven constrictive pericarditis
from patients with other causes of heart failure. In addi-
tion, Hurrell (46) found a respiratory gradient of left ven-
tricular pressure to pulmonary capillary wedge pressure

that correlated with the Doppler examination of respira-
tory fluctuations in mitral inflow velocity. An inspiratory
reduction or reversal of pulmonary capillary wedge pres-
sure to early left ventricular diastolic pressure was found in
constrictive pericarditis, but not uniformly in other causes
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Figure 32.5 Right atrial (RA) pressure recording from a patient
with constrictive pericarditis. Note the prominent y descent in the
right atrial waveform, which indicates that the RA emptying is
rapid and unimpeded in early diastole. The nadir of the y descent
corresponds with the abrupt cessation of early diastolic ventricular
filling. The prominent x and y descents give the RA waveform its
characteristic M- or W-shaped appearance in constrictive peri-
carditis. The mean value of the RA pressure is more than twice nor-
mal, at 18 to 20 mm Hg.

Figure 32.6 Left ventricular (LV) and right ventricular (RV)  pres-
sures recorded simultaneously in the patient with constrictive peri-
carditis shown in Fig. 32.5 illustrate technical pitfalls in evaluation
of pressure tracings. The presence of resting tachycardia partially
obscures evaluation of the diastolic waveforms, and underdamp-
ing of the LV pressure transducer system accentuates an under-
shoot of LV pressure in early diastole and an overshoot during
atrial contraction. A long diastole following a premature beat per-
mits the recognition of equilibration of LV and RV diastolic pres-
sures and the appreciation of a dip-and-plateau configuration of
the ventricular waveforms.

Figure 32.7 Right atrial (mean, RA) and pulmonary capillary
wedge (phasic, PCW) pressure tracings from a patient with con-
strictive pericarditis. An arrow marks the beginning of the inspira-
tory phase of each respiratory cycle. Note that the mean right
atrial pressure increases during inspiration (Kussmaul sign). The
PCW pressure is out of phase with RA pressure and begins to fall
during inspiration as RA pressure is rising.



of heart failure. This finding was less sensitive and specific
for constriction than the right ventricle–left ventricle dis-
cordance noted above. 

Stroke volume is almost always reduced in patients with
constrictive pericarditis, but resting cardiac output may be
preserved owing to tachycardia. Studies of atrial pacing in
patients with constrictive pericarditis showed that increases
in heart rate up to about 140 beats per minute increased
cardiac output in the presence of unchanged stroke volume
and ventricular filling pressure (47). After pericardiectomy,
when ventricular filling was no longer impeded and con-
fined to early diastole, atrial pacing caused a normal pat-
tern of improvement in cardiac output at higher heart
rates. In advanced constrictive pericarditis, resting cardiac
index is depressed in association with systemic arterial
vasoconstriction and arterial hypotension. In the absence
of extensive coexisting myocardial fibrosis, left ventricular
ejection fraction is usually normal or increased, and both
isovolumic and ejection phase indices of contractile func-
tion (e.g., peak dP/dt) are preserved (46,48). The impor-
tant exception to this are those patients with extensive
coexisting myocardial fibrosis, which is a complication of
radiation-induced pericardial constriction, or conditions
in which infiltrative processes such as amyloid may involve
both pericardium and myocardium (49).

When pericardial thickening is not evident, it is impor-
tant to distinguish constrictive pericarditis from restrictive
cardiomyopathy, which may produce similar clinical,
hemodynamic, and echocardiographic findings. Doppler

flow velocity studies in constrictive pericarditis typically
show an exaggerated inspiratory increase in tricuspid flow
velocity and a reduction in mitral flow velocity (�25%
inspiratory reduction in mitral flow velocity) that may also
be seen in tamponade, but is usually absent in restrictive
cardiomyopathy. Tissue Doppler, which measures displace-
ment and velocities of left ventricular motion, usually
shows high or normal early diastolic velocity in patients
with constrictive pericarditis,  whereas these are usually
reduced in restrictive cardiomyopathy. In addition, pul-
monary venous flow by transesophageal echocardiography
shows greater pulmonary venous peak systolic flow veloc-
ity in constrictive pericarditis compared with restrictive car-
diomyopathy (50). Because none of these echo measure-
ments have perfect discriminatory ability, they need to be
taken in the context of the clinical presentation and hemo-
dynamic findings (see below). 

Coronary angiography should be performed as part of
the cardiac catheterization evaluation of constrictive peri-
carditis. In addition to defining significant occult athero-
sclerotic coronary artery disease, the angiogram can detect
the rare problem of external pinching or compression of
the coronary arteries by the constricting pericardium prior
to pericardiectomy (51). Studies indicate that pericardial
constriction limits coronary flow reserve measured by
adenosine-induced hyperemia and causes abrupt cessation
and rapid deceleration of the normal pattern of early dia-
stolic flow velocity (52). Left ventriculography may not be
required during cardiac catheterization if a current high-
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Figure 32.8 Respiratory (insp and exp) changes in left ventricular (LV) and right
ventricular (RV) pressures measured with micromanometer catheters in a patient with
constrictive pericarditis (left) and in a patient with restrictive cardiomyopathy (right).
Peak inspiration is indicated in beat 2 in each cardiac cycle. In the patient with con-
strictive pericarditis (left), there is a discordant change in LV and RV systolic pres-
sures during respiration: LV systolic pressure falls to its minimum value during peak
inspiration simultaneously with an increase in RV systolic pressure to its highest value
in the cardiac cycle. These findings indicate the presence of ventricular interdepen-
dence owing to the constricting pericardium, and suggest that as LV filling and stroke
volume decreases, there is a corresponding increase in RV filling and stroke volume.
In contrast, in the patient with cardiomyopathy (right), there are concordant changes
in LV and RV pressures during respiration. (Adapted from Hurrell DG, Nishimura RA,
Higano ST, et al. Value of dynamic respiratory changes in left and right ventricular
pressures for the diagnosis of constrictive pericarditis. Circulation 1996;93:2007.)



quality imaging study (echocardiography, gated CT, or
MRI) has defined global and regional left ventricular ejec-
tion fraction and volumes and excluded significant coexist-
ing valvular heart disease.

Treatment

Medical management is purely palliative with control of
edema and arrhythmias. The definitive treatment of con-
strictive pericarditis is surgical pericardiectomy, which
should be reserved for symptomatic patients, in whom there
are typical noninvasive imaging and hemodynamic find-
ings. An experienced cardiovascular surgical team should
perform a complete visceral and parietal pericardiectomy,
facilitated by the ability to mobilize the heart on cardiopul-
monary bypass. Outcome is excellent in patients in whom
the operation is performed early in the disease before devel-
opment of dense epicardial fibrosis that is less amenable to
resection, end-stage depression of rest cardiac output, and
poor organ perfusion. For example, a recent surgical series of
21 patients from a major tertiary center reported no periop-
erative mortality, mean postoperative hospital stay of 7 days,
and return to functional NYHA Class I in all patients (53).
Mayo Clinic studies of 58 patients showed that abnormali-
ties of diastolic filling detected by Doppler mitral flow veloc-
ity signals were present in about 40% of patients 3 months
after pericardiectomy, with approximately 34% showing
abnormalities at 21 months post (54). Most patients
improve quickly postoperatively with diuresis and resolu-
tion of edema and hepatic congestion. Others recover more
slowly over months, but atrial arrhythmias may persist.
Poorer surgical outcome is predicted by inadequate pericar-
dial resection, inability to relieve epicardial constriction
with scoring or meshing of the epicardium (55), uncor-
rected coronary disease, older age, after radiation pericardi-
tis, and with peripheral organ failure (56).

Case 2: Constrictive Pericarditis. A 59-year-old man
was admitted for cardiology evaluation after 4 years of pro-
gressive peripheral edema, which had recently become
resistant to increasing doses of oral diuretics. For the 2
weeks prior to hospital admission, he had noted increasing
fatigue and dyspnea on exertion and orthopnea, increasing
abdominal girth, increasing leg and scrotal edema, and a
rapid weight gain of at least 15 pounds. Physical examina-
tion showed a chronically ill appearing white male with
dyspnea at rest. Blood pressure (BP) was 140/95; the heart
rate was irregular and 150 beats per minute. The chest
showed dullness at both bases, and heart sounds were dis-
tant. The cardiac exam showed an irregular tachycardia
with distant heart sounds, and no rubs, gallops, or mur-
murs were appreciated. His abdomen was distended with
ascites and an enlarged liver and mild right upper quadrant
tenderness. There was marked scrotal edema. Extremities
showed significant pitting edema to the level of the groin
with chronic venous stasis changes of the skin of his legs
bilaterally. Laboratory examination was normal (including

thyroid function) except for mild elevation of total biliru-
bin and liver transaminases. 

Echocardiography showed biatrial dilation, moderate
hypokinesis of the ventricles with a left ventricular ejection
fraction of 35%, and no regional wall motion abnormali-
ties. There was �1 mitral regurgitation, �1 tricuspid regur-
gitation with an estimated right ventricular systolic pres-
sure of 29 mm Hg by Doppler. There was a thickened
pericardium with “railroad tracking” around the left ven-
tricular apex and right ventricular free wall. 

Cardiac catheterization revealed equalization of dia-
stolic pressures with a left ventricular end-diastolic pressure
(LVEDP) of 22 mm Hg, a mean pulmonary capillary wedge
pressure of 22 mm Hg, a pulmonary artery pressure of
29/22 mm Hg, and a right atrial pressure of 21 mm Hg.
The mean right atrial pressure increased with inspiration
(Kussmaul sign), and the right and left ventricular diastolic
pressures were equal. The resting tachycardia and atrial fi-
brillation obscured the evaluation of the x and y descents
in the right atrial pressure tracing. (See Figs. 32.5 through
32.7.) Cardiac output and index measured by thermodilu-
tion were reduced at 3.7 L/minute and 1.7 L/minute per
m2, respectively. Coronary angiography showed normal
right dominant coronary arteries. Left ventriculography
showed a normal-sized left ventricle with a calculated ejec-
tion fraction of 42% and calcification of the anterolateral,
apical, and inferior pericardium (Fig. 32.9).

The patient underwent pericardial stripping, during
which the pericardium was described as thickened, heavily
calcified, and having the consistency of bone. The parietal
pericardium was densely adherent to the epicardium. The
calcified anterior pericardium was removed piecemeal after
identifying and preserving the phrenic nerves. The right
atrium was entered inadvertently, requiring the institution
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Figure 32.9 Left ventriculography. Note pericardial calcification.



of cardiopulmonary bypass and repair. Histology showed
focal fibrosis, calcification, and chronic inflammation with
aggregates of lymphocytes and mesothelial cells. Routine
stains and cultures were negative, as was cytology.

Postoperatively, the patient maintained sinus rhythm,
but required pharmacologic inotropic and pressure sup-
port for several days. He required intravenous diuretics and
thoracentesis, but eventually diuresed 15 kg over the next
week, and his peripheral edema largely resolved. By 3
months after surgery, he resumed normal activities and
within 3 months was able to walk several miles a day with-
out symptoms. He remained free of edema on reduced
doses of once-daily furosemide and free of atrial fibrilla-
tion on Quinaglute and digoxin.

EFFUSIVE-CONSTRICIVE PERICARDITIS

Failure of right atrial pressure to fall to normal levels fol-
lowing pericardiocentesis for tamponade suggests that a
coexisting cause of right atrial hypertension is present.
Persistent elevation of right atrial pressure with appearance
of a prominent y descent and a dip-and-plateau pattern in
the right ventricular waveform suggest the presence of effu-
sive-constrictive pericarditis. In this condition, relief of car-
diac tamponade unmasks significant residual visceral peri-
cardial constriction (57,58). The jugular venous pulse may
resemble that of constriction, with prominent x and y
descent, rather than blunting of the y descent that typically
occurs in tamponade (59). Diastolic pressures remain
equalized between the right and left heart after pericardio-
centesis. Effusive-constrictive pericarditis is important to
recognize and diagnose, since definitive treatment requires
extensive visceral and parietal pericardiectomy (60). The
most common causes are idiopathic, malignancy, radia-
tion, rheumatoid arthritis, and tuberculosis. 

Case 3: Effusive-Constrictive Pericarditis. A 29-year-old
female was admitted to the hospital complaining of posi-

tional chest pain, progressive dyspnea on exertion, and
orthopnea. She complained of orthostatic dizziness and had
a resting tachycardia of 120 beats per minute. Two years ear-
lier, she had been diagnosed with stage IV nodular sclero-
sing Hodgkin’s disease with a large mediastinal mass.
Chemotherapy resulted in diminution of the mediastinal
mass but new disease activity developed in several bony loca-
tions, which was treated by high-dose chemotherapy and an
autologous peripheral stem cell rescue. A CT of the chest 3
months prior to admission had revealed a partial response,
with reduction in the size of the mediastinal mass and a nor-
mal pericardium, with no pericardial effusion (Fig. 32.10A).

Physical exam revealed her BP to be 90/60, with a pul-
sus paradoxus of 18 mm Hg and elevated jugular venous
pressure of 18 cm water without an apparent Kussmaul
sign. There was �1 edema of the lower extremities bilater-
ally. An echocardiogram revealed normal chamber dimen-
sions with normal global and segmental ventricular func-
tion. A moderate anterior and posterior pericardial
effusion with minimal inferior and apical effusion and
right ventricular and right atrial diastolic collapse was
noted. There was �50% variation in tricuspid valve inflow
velocities and �30% variation in mitral valve inflow veloc-
ities by Doppler consistent with tamponade physiology.
There was a homogeneous echogenic mass, �12 mm in
thickness, seen encasing the heart in multiple views.
Bedside right atrial pressure measure via a central line
showed a mean of 25 mm Hg with a prominent y descent
and an inspiratory increase in mean pressure. Chest CT
revealed a large mediastinal mass encasing the heart and a
moderate pericardial effusion (Fig. 32.10B), with a clear
decrease in pericardial volume compared with the previous
CT 4 months earlier.

Subxiphoid pericardiotomy was performed surgically;
200 mL of serous fluid was returned and a pericardial drain
placed. Pericardial biopsy revealed histiocytoid cells and
mixed inflammatory infiltrate consistent with nodular-
sclerosing Hodgkin lymphoma. Her right atrial pressure
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Figure 32.10 A. Computed tomography (CT) of the chest 3 months prior to admission. Note the
normal pericardial thickness and lack of effusion. B. CT of the chest on admission. Note the mass in
the right hemithorax, scattered masses throughout the lung fields, thickened and encased peri-
cardium, decreased pericardial cross sectional area, and small pericardial effusion.



dropped from 25 to 18 mm Hg with removal of the peri-
cardial fluid, but she remained hypotensive and dyspneic,
despite adequate filling pressures. After discussions with
the patient, family, and oncologists, a decision was made
to forgo more aggressive therapy and comfort measures
were initiated. The patient expired 1 week later. 

RESTRICTIVE CARDIOMYOPATHY

The differentiation between constrictive pericarditis and
restrictive cardiomyopathy is often difficult but important,
because only the former can be effectively treated with peri-
cardiectomy. In restrictive cardiomyopathy, there is an
abnormality of diastolic function, and the ventricular walls
are noncompliant and resist filling. Systolic function is usu-
ally preserved. The most common etiologies of restrictive
cardiomyopathy are idiopathic, amyloidosis, sarcoidosis,
endomyocardial fibrosis, radiation, and anthracycline toxi-
city (see Chapter 20). Less common causes are familial;
scleroderma; pseudoxanthoma elasticum; diabetic; storage
diseases such as Gaucher, Hurler, Fabry, and glycogen storage
disease; hemochromatosis, carcinoid, hypereosinophilia,
metastatic cancers, and drugs. The clinical features of
restrictive cardiomyopathy are often similar to those of con-
strictive pericarditis (61)—both disorders manifest
impaired ventricular diastolic filling and elevated diastolic
pressures with symptoms of congestive heart failure such as
exercise intolerance, weakness, and fatigue. Central venous
pressure is elevated with peripheral edema, liver enlarge-
ment, ascites, and anasarca in advanced cases. Stroke vol-
ume is fixed or reduced in both, although systolic contrac-
tile function may be essentially normal. In both disorders,
patients may complain of chest and neck discomfort during
exertion that may be related to impaired coronary reserve
and/or neck vein distension. In both disorders, the electro-
cardiogram commonly shows abnormal voltage and ST-T
wave abnormalities, and atrial fibrillation may occur. 

Echocardiography may show thickening of the left ven-
tricular wall and an increase in ventricular mass. Patients
with restrictive cardiomyopathy have an increased early left
ventricular filling velocity (E), a decreased atrial filling veloc-
ity (A), with E/A ratios �2, and a decreased isovolumic relax-
ation time (62). Tissue Doppler, which measures displace-
ment and velocities of left ventricular motion, usually shows
normal early diastolic velocity in patients with constrictive
pericarditis versus reduced velocities in restrictive cardiomy-
opathy. Color M-mode Doppler spatial velocity distribution
using the slope of the first aliasing contour shows a slower
slope in constrictive pericarditis than in restrictive car-
diomyopathy (50). In addition, pulmonary venous flow by
transesophageal echocardiography shows peak systolic
pulmonary venous flow velocity is less than diastolic flow
velocity in restrictive cardiomyopathy, and there is reversal
of diastolic flow after atrial contraction with inspiration in
the hepatic and pulmonary veins (62). Measurement of

pericardial thickening may be accomplished by trans-
esophageal echocardiography (43), CT, or MRI, and if pres-
ent, favors constrictive pericarditis. None of these echo
measurements has perfect discriminatory ability; all need
to be taken in the context of the clinical presentation and
hemodynamic findings. On the other hand, echocardio-
graphic findings of thickened cardiac valves, a granular
sparkling appearance of the myocardium, and the presence
of thickened ventricular walls with reduced electrocardio-
graphic R-wave voltage suggest the presence of an infiltra-
tive process such as amyloid, but their absence does not
exclude the presence of restrictive cardiomyopathy (62).

In most cases, careful attention to hemodynamics at car-
diac catheterization can permit identification of the patient
whose symptoms of congestive failure are owing to restric-
tive cardiomyopathy. Right and left ventricular diastolic
pressures should be recorded simultaneously at equisensi-
tive gains. Right atrial pressure is usually elevated and has a
prominent y descent followed by a rapid rise with an M- or
W-shaped waveform as in constrictive pericarditis. The res-
piratory variation in right atrial pressure may be lacking,
and the y descent may become steeper with inspiration.
Diastolic pressures in both ventricles may be elevated, with
a dip-and-plateau configuration, but left ventricular dia-
stolic pressure is usually higher than right ventricular dia-
stolic pressure. There is usually concordance in the fall of
right and left ventricular systolic pressures with inspiration
(46). Supine exercise usually causes elevation of left greater
than right ventricular diastolic pressures. Pulmonary hyper-
tension is usually more common and more severe in
restrictive cardiomyopathy than in constrictive pericarditis,
and pulmonary systolic pressures �45 to 50 mm Hg are
common. However, in cohorts of patients with constrictive
pericarditis versus restrictive cardiomyopathy, there is fre-
quently overlap in these measurements between individu-
als in each group (46). 

In some but not all patients with restrictive cardiomy-
opathy, the diastolic filling pattern differs from that of con-
strictive pericarditis. Using frame-by-frame angiographic or
radionuclide analysis of ventricular filling, one pattern in
restrictive cardiomyopathy is a slow early diastolic filling
rate compared with normal. This sluggish pattern of early
diastolic filling sharply contrasts with the explosively rapid
but abbreviated early diastolic filling pattern in constrictive
pericarditis (63,64). However, other patients with restrictive
cardiomyopathy exhibit an excessively rapid and abbrevi-
ated early diastolic filling pattern similar to constrictive
pericarditis. Importantly, insights from noninvasive studies
have shown that this “restrictive” pattern of atrioventricular
valve inflow and diastolic filling is not specific for restrictive
cardiomyopathy. It can be observed in other forms of car-
diomyopathy besides restrictive cardiomyopathy in the set-
ting of high left atrial pressure and can be modified or abol-
ished by reduction in preload (65,66). Thus, the diagnosis
of restrictive cardiomyopathy requires careful clinical judg-
ment and integration of both noninvasive imaging data
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and hemodynamic analyses. A clinical history suggestive of
pericarditis makes a diagnosis of constrictive pericarditis
more likely, as does a history of tuberculosis, trauma, or car-
diac surgical procedures. No diagnostic technique is totally
reliable in differentiating these two entities, and in some
patients the only reliable way to make the diagnosis is to
perform pericardiectomy (62). 

Since pericardiectomy is a major procedure (especially
the dissection of the adherent visceral pericardium free
from the myocardium), further certainty is desirable before
surgery in equivocal cases. Whereas the diagnostic yield of
endomyocardial biopsy is low in the evaluation of patients
with dilated cardiomyopathy, showing a specific etiologic
diagnosis is obtained in �10% of patients, and a treatable
process is found in about 2% (63), biopsy does play an
important role in the evaluation of the symptomatic
patient with potential constriction versus restrictive car-
diomyopathy (67,68). Myocardial biopsy is valuable in
making a definitive diagnosis in patients with restrictive
cardiomyopathy owing to amyloid as well as other specific
causes such as myocarditis, metabolic storage disease, and
hemochromatosis. In patients with cardiac irradiation
injury in which both pericardium and myocardium may be
involved, the documentation of extensive myocardial
fibrosis and myocyte dropout should temper the decision
to proceed to surgical pericardiectomy (67; see also
Chapter 20).

OTHER CONDITIONS ASSOCIATED
WITH CONSTRICTIVE PHYSIOLOGY

As noted at the beginning of this chapter, the normal peri-
cardium functions restrain cardiac dilatation and couple
the function of both ventricles in conditions in which the
pericardium has not expanded to accommodate an increase
in cardiac or effusion volume. In the presence of normal
cardiac volumes and low filling pressures, cardiac volumes
dynamically fluctuate during respiration and with changes
in posture within the loose lubricated pericardial sac with
minimal pericardial constraint and minimal ventricular
interaction. However, as right ventricular volume increases
to a level associated with a diastolic pressure of about 10 to
12 mm Hg, pericardial constraint appears and ventricular
interdependence increases. Ventricular interdependence
can be recognized when increments in ventricular diastolic
pressure cause a similar gain in diastolic pressure of the
opposite ventricle, and when respiratory filling of one ven-
tricle causes marked reduction of filling of the opposite
chamber. This phenomenon has been shown to be impor-
tant in dilated cardiomyopathy, in which reductions in ele-
vated right heart filling result in the augmentation of left
ventricular filling via ventricular interaction (66). 

Acute right ventricular infarction in humans (69) and
experimental animal models may cause constrictive
physiology with right ventricular dilation, elevation and

equilibration of right and left ventricular pressures, a
dip-and-plateau ventricular waveform, and reduced right
ventricular pulse pressure. Right ventricular volume over-
load owing to subacute tricuspid regurgitation with an
intact pericardium can also cause increased pericardial
constraint and ventricular interdependence, as illustrated
in Fig. 32.11. In a classic paper, Bartle and Hermann (70)
reported that acute and subacute mitral regurgitation can
cause a striking hemodynamic pattern suggestive of peri-
cardial constriction. Acute pulmonary embolism, with sec-
ondary right ventricular dilatation and moderate pul-
monary hypertension in the setting of a nonhypertrophied
right ventricle, can also result in constrictive physiology
owing to pericardial constraint. 

OTHER PERICARDIAL PROCEDURES

Percutaneous Balloon Pericardiotomy

Percutaneous balloon pericardiotomy is an alternative
approach to the treatment of cardiac tamponade in
patients with large recurrent malignant effusions (71) or
idiopathic effusions that have recurred or not abated
after prolonged catheter drainage (e.g., �100 mL/day
after three days of catheter drainage). Of patients who
undergo pericardiocentesis for malignant effusion, 66%
of these patients have recurrence after simple drainage by
pericardiocentesis (72,73). In comparison, in most series
of cardiac tamponade not related to malignant effusion,
pericardiocentesis with prolonged catheter drainage (33)
was effective without further intervention in �80% of
patients. An analysis by Vaitkus (74) suggests that balloon
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Figure 32.11 Simultaneous right ventricular (RV) and left (LV)
pressure tracings recorded in a patient with several-week history
of severe tricuspid insufficiency. Note that RV and LV end-diastolic
pressures are markedly elevated (approximately 28 mm Hg) with
virtual identity of pressures throughout diastole. RV systolic pres-
sure is minimally increased, an indication that the elevation of RV
diastolic pressure is not caused primarily by pulmonary hyperten-
sion. These findings suggest a restraining effect of the intact nor-
mal pericardium with increased ventricular interdependence in the
presence of subacute volume overload of the right ventricle.



pericardiostomy, surgical pericardiectomy, pleuropericar-
dial window, and subxiphoid window are all superior in
terms of freedom from recurrence to repeat simple peri-
cardiocentesis, instillation of sclerosing agents, radiation,
or prolonged catheter drainage. Patients with recurrent
tamponade from malignant effusions usually have a lim-
ited life span and are often poor surgical candidates.

An alternative to a subxiphoid window is percuta-
neous balloon pericardiotomy. The technique begins
with pericardiocentesis via the subxiphoid approach.
After pericardiocentesis, approximately 20 mL of contrast
is injected to aid visualization of the pericardial space. An
0.035-inch J-tip guidewire is then introduced and looped
in the pericardium. The pericardiocentesis catheter is
withdrawn, the tract is dilated with a 10F dilator, and a
10F to 12F sheath inserted under fluoroscopy. A 20-mm-
diameter by 3- to 4-cm-long dilating balloon (e.g.,
Mansfield, Z-Med) is advanced over the guidewire. The
balloon is positioned to straddle the pericardial border,
and the sheath is withdrawn to uncover the balloon. The
balloon is slightly inflated to define a waist at the parietal
pericardial border as illustrated in Fig. 32.12, and then
fully expanded to create a rent in the pericardium.
Depending on the stiffness of the pericardium, the bal-
loon may “watermelon seed” into the pericardium and
require strong countertraction. In thin patients, the skin
and subcutaneous tissues may need to be retracted inferi-
orly to avoid dilating through the skin. If the 20-mm bal-
loon cannot be successfully inflated, we have found that
moving to a 12- or 18-mm balloon may allow dilation,
with subsequent upsizing of the balloon to 20 to 22 mm
in diameter. Balloon dilatation across the pericardium
tends to cause severe pain, and adequate prophylactic
narcotic analgesics should be administered prior to infla-
tion to minimize discomfort.

The balloon is removed, pericardial catheter reintro-
duced, and about 10 mL of contrast may be injected to con-
firm free exit of fluid through the rent in the pericardium.
Any remaining fluid is evacuated, and the catheter placed to
drainage for 24 hours or until the catheter drainage is less
�50 to 75 mL/24 hours. Sometimes more than one site
must be dilated to ensure rapid emptying of the pericardial
space, or the balloon pericardiostomy may need to be
repeated for recurrent tamponade. Chest roentgenography
must be performed within 24 hours to evaluate for left
pleural effusion, which is common, or pneumothorax,
which is uncommon. Echocardiography should be per-
formed 48 hours after catheter removal to confirm resolu-
tion of the pericardial effusion.

Modifications of the procedure include use of an Inoue
balloon catheter. In 11 patients who underwent Inoue bal-
loon pericardiotomy for treatment of recurrent large effu-
sion, the procedure was successful in 10 patients (91%),
who remained free of recurrent effusion for a follow-up
period of 4 months (75). It has been established that bal-
loon pericardiotomy causes drainage and absorption of
fluid within the peritoneal cavity and the pleura (71,76).
Given the experience with subxiphoid surgical pericardial
window, it is unlikely that the communication between the
pericardium and pleura or peritoneum produced by bal-
loon pericardiectomy stays open for the long term (77) as
inflammatory fusion of the opposed parietal and visceral
pericardium occurs over time and obliterates the potential
space. 

A multicenter registry of 130 patients undergoing bal-
loon pericardiotomy has been reported (78). The proce-
dure was performed without major complications in all
patients; minor complications included fever, which
occurred with lesser frequency later in the series when pro-
phylactic antibiotics were routinely administered. There
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Figure 32.12 A. Illustration of the percuta-
neous balloon pericardiotomy technique. After
partial drainage of the pericardium using a peri-
cardial catheter, an 0.038-inch stiff J-tip wire is
introduced into the pericardial space. A 3-cm-
long dilating balloon is then advanced over the
guidewire to straddle the parietal pericardial
membrane and is manually inflated to create a
rent in the pericardium. B. Still frames from a per-
cutaneous balloon pericardiotomy. (From Ziskind
AA, Pearce AC, Lemmon CC, et al. Percutaneous
balloon pericardiotomy for the treatment of car-
diac tamponade and large pericardial effusions:
description of technique and report of the first 50
cases. J Am Coll Cardiol 1993;21:1.)



was no recurrence of pericardial effusion or need for
surgery in 85% of patients followed for a mean of 5.0  5.8
months. After percutaneous balloon pericardiotomy, 15%
required chest tube placement for pleural effusion. In a
recent series of 94 patients treated with subxiphoid pericar-
diotomy for cardiac tamponade of which 64% were malig-
nant effusions, the procedure was successful in all patients
with no operative deaths and associated with a rate of
recurrent tamponade of 1.1% in comparison with a recur-
rence rate of 30% in a nonrandomized concurrent series of
23 patients managed with percutaneous catheter pericar-
diocentesis (79). In patients with recurrent malignant effu-
sion, there are multiple small series that discuss the use of
intrapericardial sclerosing agents, but there are no prospec-
tive randomized series that compare the risks and benefits
of catheter pericardiocentesis with and without instillation
of sclerosing agents. 

Case 4: Balloon Pericardiotomy. A 54-year-old man
with lung adenocarcinoma that had been treated with
chemotherapy, radiation therapy, and right lobectomy
with chronic left pleural effusion (chest tube in place),
developed a large pericardial effusion with echocardio-
graphic evidence of pericardial tamponade (right atrial and
right ventricular collapse). He underwent pericardiocente-

sis showing a pericardial pressure of 23 mm Hg, with relief
of tamponade physiology after drainage of more than 500
mL of serosanguineous fluid. Two weeks later, however,
symptoms recurred and echocardiography showed reaccu-
mulation of pericardial effusion and signs of tamponade.
Right heart catheterization showed a mean right atrial pres-
sure of 16 mm Hg, mean PCW pressure of 22 mm Hg, and
mean pericardial pressure of 15 mm Hg with some separa-
tion of pericardial and right atrial pressures. Cardiac index
was mildly depressed at 2.4 L/minute per m2, with a 15
mm Hg paradox. 

After needle pericardiocentesis and removal of 100 mL
of bloody fluid, the pericardial pressure decreased to 0
mm Hg with little change in the right atrial (RA) pres-
sure. Balloon pericardiotomy (Fig. 32.13) was performed
by advancing a guidewire through the drainage catheter,
predilating with a 4.0 � 40 mm balloon, and final dila-
tion with inflation of the 15 mm � 40 mm balloon
straddling the pericardial edge. The pericardial waist
resolved fully, and the balloon was exchanged for a
drainage catheter left in overnight. The cardiac index
improved to 3.4 L/minute per m2, and repeat echocar-
diography at 1 month showed no reaccumulation of
pericardial fluid.

740 Section VIII: Profiles of Specific Disorders

Figure 32.13 Patient with recurrent pericardial tamponade undergoing balloon pericardiotomy.
Top left. Aortic (Ao) and pulmonary artery pressure tracing showing narrow pulse pressure and a
paradoxical pulse on Ao pressure tracing. Top middle. Right atrial (RA) and pericardial pressure (PP)
displayed simultaneously, showing an elevated PP with some separation of pericardial and right
atrial pressure unlike initial tap, which showed equalization. Top right. Post removal of 100 mL of
bloody fluid, PP decreased significantly. At end of procedure, PP decreased further and became
negative. Bottom left. the pericardium and tract were dilated with a small balloon (predilation),
which is often not necessary with newer low-profile peripheral balloons. Bottom right. The peri-
cardium is dilated with a larger balloon (15 � 40 mm) to achieve an adequate pericardiotomy.
Balloons as large as 20 mm in diameter can be used in larger patients.



Therapeutic Intrapericardial Intervention

The pericardial mesothelium actively secretes and metabo-
lizes bioactive molecules, including prostaglandins, nitric
oxide, atrial natriuretic peptide, and endothelin-1 that have
the potential to modulate cardiac performance via paracrine
signaling (80). In addition, growth factors with the poten-
tial to modify underlying myocyte and smooth muscle cell
growth appear to be diffusible between cardiac tissue and
the pericardial space and concentrated in pericardial fluid.
Fujita and coworkers (81) demonstrated that concentra-
tions of basic fibroblast growth factor (bFGF) are about 10-
fold higher in the pericardial fluid of patients with unstable
angina compared with patients with nonischemic heart dis-
ease, raising the possibility that growth factors concentrated
in the pericardial space may mediate collateral blood vessel
growth in humans. Thus, the pericardial space may serve as
a potential drug delivery reservoir bathing the cardiac struc-
tures with increased myocardial delivery and reduced sys-
temic recirculation (82,83). In addition, intrapericardial
delivery of FGF-2 has been shown to result in functional
angiogenesis in animal models of acute (84) and chronic
myocardial ischemia (85), and percutaneous intrapericar-
dial drug administration in patients with normal peri-
cardium (and in the absence of significant pericardial
effusion) has been shown to be feasible (31,32,86–89). In
addition, presence of an epicardially located accessory
bypass tract or ventricular tachycardia focus may necessitate
epicardial mapping, which may be performed by pericar-
dial access (90).

For these reasons, there is interest in the development of
techniques for minimally invasive access of the pericardial
space in patients without pericardial effusions for sam-
pling of pericardial fluid; intrapericardial drug delivery of
growth factors, gene therapy vectors, and drugs that may
modify arrhythmias and myocardial perfusion; and epicar-
dial mapping. There are three major techniques for access
of the normal pericardium. The simplest is carried out
using the subxiphoid blunt-tip needle approach. This is
done by using a combination of a blunt-tip needle (Tuohy-
17), pressurized saline flow (to push away the RV wall on
pericardial entry), electrocardiographic (ST-segment eleva-
tion) and fluoroscopic guidance (injection of contrast; 91).
Entry of the pericardial space is suspected after an increase
in the saline flow through the intraflow system and con-
firmed by the injection of 1 mL of diluted contrast under
fluoroscopy. A soft floppy-tip 0.025-inch guidewire is then
advanced to the pericardial space, and the needle is
exchanged for a pericardial catheter. A second technique
involves transatrial pericardial access and enables access of
the pericardial space via the right atrial appendage (82). A
catheter is used to pierce the right atrial appendage.
Pericardial access is then confirmed by placement of a
radiopaque guidewire under fluoroscopy. A third tech-
nique uses the subxiphoid approach using the PerDUCER
device. A stab incision is made in the subxiphoid area and

a 17F angled cannula, with preloaded guidewire, is
advanced into the mediastinal space. After cannula
removal, a 19F sheath/dilator is inserted over the wire. The
device is positioned over the pericardial cavity; the peri-
cardium is captured by suction, and a bleb is formed
within a side hole on the PerDUCER tip. A sheathed needle
is advanced, puncturing the isolated bleb of pericardium
allowing pericardial access (92,93). Further developments
and widespread use will await the identification of thera-
peutic agents with proven clinical benefit. A potential dis-
advantage of pericardial drug delivery is the potential for
poor endocardial penetration (83).

ANOMALIES OF THE PERICARDIUM

Congenital anomalies of the pericardium may cause confu-
sion during cardiac catheterization and angiography unless
their characteristic features are recognized. Pericardial cysts,
which are filled with clear fluid, are usually located at the
right costophrenic angle and come to attention as unex-
plained protrusion of the right heart border on the chest
roentgenogram or during fluoroscopy at cardiac catheteri-
zation. Rarely, cysts may cause chest pain or right ventricu-
lar outflow obstruction (94). Although most can be man-
aged conservatively, large pericardial cysts located at the
costophrenic angle can be decompressed by percutaneous
aspiration under fluoroscopic guidance (95). 

Congenital pericardial defects are rare and mostly occur
in males, with associated congenital abnormalities of the
heart and lungs in up to 30% of patients. Isolated congeni-
tal absence of the pericardium encompasses a range from a
small foramen to complete absence. Total absence of the
pericardium is extremely rare and usually not associated
with symptoms. Complete absence of the left side of the
pericardium is more common, and patients may be referred
to cardiac catheterization because of stabbing sharp chest
pain that is occasionally positional (96), palpitations, or
dyspnea. These patients have prominent apical impulses
that displace with body position, electrocardiographic
findings of right axis deviation and clockwise displace-
ment of the precordial transition zone, chest roentgenogram
findings of a leftward displacement of the heart with loss
of right heart border, and a “tongue” of lung interposed
between the main pulmonary artery and aortic knob.
Echocardiographic findings mimic right ventricular vol-
ume overload with enlarged right ventricle and abnormal
septal motion, and the left atrial appendage is laterally dis-
placed. This anomaly can be accurately diagnosed with car-
diac MRI (97,98). Smaller atrial left-sided pericardial
defects are uncommon; however, cardiac catheterization
and angiography can be helpful. These patients frequently
complain of chest pain and are at risk for sudden death
owing to herniation and strangulation of the heart or left
atrial appendage through the defect. Echocardiographic
findings are similar to above, and the left atrial appendage
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is laterally displaced. A definitive diagnosis can be made by
CT or MRI, with a myocardial crease caused by the edge of
the pericardium considered a high-risk feature (98,99).
Partial right-sided pericardial defects can also be accompa-
nied by severe chest pain related to inspiratory herniation
of the right atrium (100).
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Congenital heart disease has grown more common in the
adult catheterization laboratory due to increasing survival
of patients with lesions surgically corrected in childhood
and to the increasing availability of catheter-based treat-
ments for lesions that do not present until adulthood.
Some basic issues regarding catheterization in patients with
congenital heart disease have been reviewed in Chapter 6,
and some of the interventional techniques have been
reviewed in Chapter 27. This Profiles chapter presents a series
of real-world cases illustrating some of these principles.

ADULT WITH PULMONIC STENOSIS

Case 1: A 72-year-old woman presented with a loud mur-
mur since birth and several years of progressive shortness
of breath. Pulse oximetry showed an arterial oxygen satura-
tion of 90 to 91% at baseline, falling into the mid-80s dur-
ing a stress test. A transthoracic echo demonstrated valvar
pulmonary stenosis with a peak instantaneous gradient of
approximately 115 mm Hg. A bubble contrast injection
was positive for a right-to-left shunt at the atrial level, con-
sistent with a diagnosis of patent foramen ovale (PFO).

In the cath lab under intravenous sedation, an 8 French
sheath was placed in the femoral vein, and a 5 French
sheath was placed in the femoral artery. A multipurpose
catheter was advanced from the femoral vein to obtain
right-sided pressures and saturations and to cross the PFO
to obtain left-sided data. Oxygen saturation in the pul-
monary veins was 96% (room air) with a simultaneous
aortic saturation of 89%, defining a right-to-left shunt. Right
atrial (RA) and left atrial (LA) filling pressures were elevated
with the mean right atrial pressure 2 to 3 mm Hg higher
than the left. (RA mean, 15 mm Hg; LA mean, 12 mm Hg).

There was severe right ventricular (RV) hypertension, con-
sistent with the echocardiographic gradient (RV pressure,
130/15), with mildly elevated pulmonary artery (PA) pres-
sure (Fig. 33.1). There were no additional obstructions at
the branch PAs. There was no mitral stenosis and no
obstruction of the left ventricular outflow or aortic arch.
Coronary angiography showed no obstructive disease. 

A Berman catheter was placed in the right ventricle and
a right ventricular angiogram was performed. The ventricle
was severely hypertrophied with preserved systolic func-
tion. The pulmonary valve was thin and doming, with a jet
of contrast seen through the small orifice of the doming
valve (Fig. 33.2). There was post-stenotic dilatation of the
main pulmonary artery (MPA) and the left pulmonary
artery (LPA), with the right pulmonary artery (RPA) dilated
to a lesser extent. This is typical as the high-velocity flow is
directed into the LPA (Fig. 33.3). During systole, there was
dynamic subvalvar muscular (infundibular) narrowing of
the outflow tract.

We elected to dilate the pulmonic valve with an Inoue
balloon technique (see Chapters 25 and 28). An Inoue bal-
loon was selected with a maximum inflation diameter a few
millimeters larger than the measured valve annulus, but was
prepared with only enough volume to expand to the size of
the annulus. A stiff exchange-length 0.032-inch guidewire
was advanced through a multipurpose catheter into the dis-
tal LPA. The Inoue was straightened and introduced through
a 14 French sheath at the femoral vein. The balloon was
advanced over the wire to the right atrium, where the
straightening rod was removed to ease passage through the
two valves. (In some cases, manipulation through the tricus-
pid valve and the RV outflow tract can be facilitated by par-
tial inflation of the balloon.) Once in the MPA, the distal
portion of the balloon was inflated and pulled back against



the valve tissue. The proximal portion and middle waist
were inflated. There was a pop as the indentation of the
valve on the balloon was eliminated. The stiff guidewire
provided with the Inoue was advanced through the balloon
to the LPA. A side-arm valve was added to the back of the
catheter, and a pressure transducer was attached to the side
port of the valve. The balloon was then withdrawn, over the
wire, back into the RV to assess the residual gradient. (Had
the valve not been opened adequately, additional volume

could have been added to the balloon to perform another
inflation at a larger balloon diameter.)

On pullback, an increase in the gradient across the RV
outflow tract was noted. However, closer inspection of the
pullback tracing revealed that the gradient had shifted
from the level of the valve to the subvalvar (infundibular)
area (Fig. 33.4). On pullback 1, from the MPA into the RV,
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Figure 33.1 Pullback across the stenotic pulmonary valve. Systolic
pressure increases simultaneously with change in diastolic pressure
tracing, indicating a gradient at the valve. The peak-to-peak gradient
was �100 mm Hg. MPA, main pulmonary artery; RV, right ventricle.

Figure 33.2 Doming pulmonary valve leaflets in early systole
and the jet of contrast emerging into the MPA from the stenotic
valve orifice. MPA, main pulmonary artery; RV, right ventricle.

Figure 33.3 Right ventricular angiogram demonstrating the
dilated PA branches and the subvalvar narrowing of the outflow
tract. White arrows indicate the level of the valve annulus. RPA, right
pulmonary artery; LPA, left pulmonary artery; RV, right ventricle.
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Figure 33.4 Following dilation of the valve, pullbacks from the
main pulmonary artery (MPA) to right ventricular (RV) outflow tract
show little residual systolic gradient and a large degree of intra-
ventricular obstruction.



the diastolic tracing confirmed that the catheter was in a
ventricular chamber, with virtually no systolic gradient
across the valve. Pullback 2, identified that the systolic gra-
dient was located within the ventricular chamber, at the
subvalvar level.

Arterial saturations fell acutely into the mid-80s follow-
ing valvuloplasty. A repeat angiogram revealed markedly
improved mobility of the valve leaflets with a larger valve
orifice (Fig. 33.5). However, there was profound dynamic
obstruction at the level of the valve (Fig. 33.6). The patient
was hydrated intravenously and started on an intravenous
beta-blocker infusion. Over 10 to 15 minutes, oxygen satura-
tions rose to the mid-90s, as the gradient fell to 50 to 55 mm
Hg. Over the subsequent 6 weeks, the peak instantaneous
gradient by Doppler decreased to �20 mm Hg, arterial sat-
urations normalized, and oral beta-blocker therapy was
discontinued.

Discussion. Valvar pulmonary stenosis (PS) is far less
common in the adult population than in children and
young adults, but when left untreated into adulthood, it
can cause significant symptoms. Unlike valvar aortic steno-
sis, the pulmonary valves do not generally calcify and are
thus quite amenable to balloon dilatation. The long-term
follow-up of repaired valvar PS, by surgical or balloon
valvuloplasty, demonstrates that in most cases it is a highly
successful, if not curative, procedure (1). Late valvar insuf-
ficiency may also cause symptoms of shortness of breath
on exertion, but is more frequently a product of surgical
intervention (2).

Severe infundibular stenosis after valvuloplasty, which
has been termed the “suicide” right ventricle (3) in surgical
series, is physiologically identical to subaortic obstruction
with asymmetric septal hypertrophy: Hypovolemia and
increased inotropic states augment the degree of obstruc-
tion, which is typically a product of long-standing PS with
RV hypertrophy. The cyanosis in this patient occurred as a
result of right-to-left shunt across the patent foramen
ovale, driven by long-standing RV hypertrophy and
reduced RV diastolic compliance sufficient to elevate RA
pressures and open the PFO flap. 

In children, in whom most PS repairs are performed,
standard valvuloplasty balloons are very effective, and also
inexpensive. In adults and in teenagers, the size of the valve
annulus is such that a double-balloon technique is often
required to obtain enough dilating force and diameter. The
Inoue balloon can be selected to larger diameters and is
variable in its inflation size, so that a larger inflation size
can be used without needing to change catheters (4). 

Balloon valvuloplasty is a highly effective and extremely
safe catheter intervention. It should be considered the pro-
cedure of choice for valvar PS.

COARCTATION OF THE AORTA

Case 2: A 32-year-old man presented with poorly con-
trolled hypertension and bilateral lower extremity claudi-
cation. He had been using long-term beta-blocker and ACE
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Figure 33.5 Marked improvement in valvar excursion after bal-
loon dilation (compare with Fig. 33.2). White arrows denote tips of
valve leaflets. MPA, main pulmonary artery; RV, right ventricle.

Figure 33.6 Following dilation of the valve, there is severe sub-
valvar dynamic outflow obstruction (thick arrows). The thin arrows
denote the level of the valve leaflets. MPA, main pulmonary artery;
RV, right ventricle.



inhibition therapy, with continued poor blood pressure
control and slightly impaired renal function. Blood pres-
sure in the right arm was 165/90, with no palpable femoral
pulses and a blood pressure of 75/40 in the lower extremi-
ties. There was an apical click, a soft systolic murmur, and a
diastolic decrescendo murmur. MRI revealed a discrete
coarctation of the aorta approximately 2 cm distal to the
left subclavian artery.

Under intravenous propofol sedation, sheaths were
placed in the femoral artery and vein. Right-sided hemody-
namics were obtained, but a pigtail catheter advanced from
the femoral artery and would not pass around the aortic
arch. A floppy-tipped wire was then manipulated through
a multipurpose catheter around the aortic arch, after which
the pigtail catheter was readvanced over the wire and an
ascending angiogram was performed (Fig. 33.7). With a
proximal aortic isthmus diameter of 18 mm and a distal

descending aortic measurement of approximately 21 mm,
the minimum dimension at the coarctation site was
approximately 2.5 mm. The angiogram also demonstrated
filling of the descending aorta from intercostal and inter-
nal mammary collaterals. 

A stiff wire with a hand-formed loop was advanced
through the pigtail catheter around the arch to the ascend-
ing aorta, and a pigtail catheter was removed. A 10 French
Mullins sheath was advanced over the wire to the descend-
ing aorta. Simultaneous pressure tracings were obtained
from the pigtail catheter in the ascending aorta and the
sheath in the descending aorta (Fig. 33.8). The pigtail
catheter was removed, and the long sheath was advanced
through the coarctation to the ascending aorta. A balloon-
dilatable Palmaz iliac stent (Johnson & Johnson) was
mounted on a 10-mm balloon catheter and advanced
through the sheath to the level of the coarctation site. The
sheath was withdrawn into the descending aorta, and an
angiographic injection was performed through the side
port of the Mullins sheath to position the stent. The bal-
loon was inflated rapidly, expanding the stent to 10 mm
(Figs. 33.9, 33.10). 

The pigtail catheter was replaced, and repeat simultane-
ous pressures were measured (Fig. 33.11). There was a
small residual gradient through the stent, but the ascend-
ing aortic pressure was markedly reduced, with increase in
descending aortic pressure to a normal range. Because of
the initial small diameter of the coarctation segment, we
elected to do full dilation in two stages. The sheaths were
removed, and hemostasis was obtained. Six months later,
the patient returned with a small persistent gradient,
though with improved blood pressure (BP) control and
elimination of the symptoms in his lower extremities.
From a femoral access, 15- and then 18-mm balloons
(Figs. 33.12, 33.13) were used sequentially to redilate the
stent to equal the size of the proximal aorta, abolishing the
residual pressure gradient.

Discussion. De novo diagnosis of coarctation in the
adult population is uncommon, but patients who have
had previous aortic coarctation surgery may have residual
obstruction at surgical sites. Any patient with hypertension
should have examination of the lower extremity pulses,
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Figure 33.7 Discrete, severe coarctation of the aorta (white
arrow). AscAo, ascending aorta; DescAo, descending aorta.
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Figure 33.8 Simultaneous pressure tracings from
ascending aorta (AscAo) and descending aorta
(DescAo), pre–stent implant.



and four extremity pressures should be checked to rule out
this disease. In children who have not reached full adult
size, surgery is often the preferred therapy for native coarc-
tation, although there are a number of centers performing
primary balloon angioplasty. For recurrent coarctation
after surgical repair in children, however, balloon angio-
plasty is accepted as the procedure of choice, when feasi-
ble. Stenting is generally not used in children given the
need for ongoing growth, but has become widely accepted
in adults with coarctation (5,6). Stenting appears to pro-
vide more control in dilating the coarcted segment and
eliminates the need for oversizing of the balloon with
attendant risks of aortic rupture, tear, or dissection.

In this case, owing to the small size of the native vessel,
we elected to perform the dilation in a staged approach.
We limited the initial stent size to four to five times the ini-
tial diameter of the coarctation lesion, and then brought

the patient back at 6 months (with presumptive healing of
the stent site) for full expansion.

Stent placement is also possible in more proximal
lesions, such as coarctations that involve the transverse
arch and isthmus, and may impinge on the left subclavian
or even the carotid vessels. Lesions in each of these loca-
tions have been successfully treated with stent angioplasty
without adverse neurologic events or arm ischemia (7). A
multicenter registry of balloon-assisted stent dilation of
aortic coarctation is being collected to highlight experi-
ence, safety, and efficacy of this technique. Some interven-
tionalists have endorsed the use of covered stents to reduce
the risk of acute aortic injury, but these systems are cur-
rently more bulky, require larger sheaths, and more fre-
quently lead to femoral arterial compromise, so they are
best reserved for a salvage option in the event of vascular
rupture or dissection.
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Figure 33.9 Initial inflation of balloon-mounted stent at site of
coarctation.

Figure 33.10 Repeat angiogram after initial stent inflation.
AscAo, ascending aorta; DescAo, descending aorta.
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Figure 33.11 Simultaneous pressure tracings
from ascending aorta (AscAo) and descending aorta
(DescAo), post–initial stent implant.



ATRIAL SEPTAL DEFECT

Case 3: A 43-year-old woman with no past medical his-
tory presented with increasing shortness of breath on exer-
tion. Oxygen saturation was normal by pulse oximetry. An
echocardiogram revealed a dilated right atrium and right

ventricle with a tricuspid regurgitation velocity of approxi-
mately 3.8 cm/second, and transesophageal echo revealed
a 1.7-cm atrial septal defect with predominantly left-to-
right shunting (Fig. 33.14).

The patient was taken to the cardiac catheterization lab,
and two sheaths were placed in the right femoral vein
under local anesthesia and conscious sedation. Through
the first, an intracardiac echo (ICE) catheter (Acuson,
Siemens), was passed to the right atrium for imaging the
septum. Through the second sheath, a multipurpose
catheter was used to perform hemodynamic measure-
ments. There was only moderate pulmonary hypertension
(PA pressure, 54/14 with simultaneous aortic pressure of
140/78). The calculated Qp/Qs ratio was 2.3:1 with an
indexed pulmonary vascular resistance of 3.2 Units (see
Chapter 9). 

The multipurpose catheter was then used to cross the
atrial septal defect and was manipulated to the left upper
pulmonary vein. A stiff guidewire was passed to the pul-
monary vein. A balloon sizing catheter was advanced over
the wire to straddle the defect and was inflated until flow
stopped by ICE (Fig. 33.15). At that point, the diameter
of the waist on the balloon catheter was 19 mm.
Circumferential septal rims were adequate (as assessed by
echo), and a 20-mm Amplatzer Septal Occluder (AGA
Medical, Minneapolis, MN) was selected (Fig. 33.16). The
balloon catheter was removed, and a 9 French Mullins
sheath was advanced over the wire and into the left atrium.
The Amplatzer device was collapsed and advanced through
the delivery sheath until the left atrial side opened in the
left atrium and was pulled back toward the septum (Fig.
33.17). When the left atrial occluder was adjacent to the
septum, the middle waist and right atrial side were opened,
and the device allowed to return to its native shape. In this
case, because of the deficient retroaortic rim, the device
appears splayed out somewhat over the aortic root (Fig.
33.18), but is in good position with no residual shunt. The
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Figure 33.12 Subsequent inflation of stent at follow-up cath.
White arrowheads mark extent of the stent.

Figure 33.13 Angiographic assessment of aortic contour after
final dilation. White arrowheads mark extent of the stent. AscAo,
ascending aorta; DescAo, descending aorta.

Figure 33.14 Transesophageal image of secundum atrial septal
defect (white arrow). RA, right atrium; LA, left atrium; Ao, aorta.



device was released without difficulty, sheaths were
removed, and the patient was discharged 4 hours later.

Discussion. Transcatheter closure of atrial septal defects
(ASDs) has become well accepted, with reasonable demon-
strated safety and efficacy. A small potential for thrombus
formation and device erosion of the atrial wall exist and

will require further study (8,9). There are some anatomic
variants of ASD that remain unsuitable for the currently
available devices. There is also substantial controversy sur-
rounding patient selection for ASD. Most natural history
studies of atrial septal defects preceded the modern echo
era and generally included patients who were symptomatic
and had larger defects. With the routine use of trans-
esophageal echo, smaller defects are more likely to be iden-
tified in asymptomatic patients. It is not known whether
the presence of such smaller ASDs actually affects survival
or is associated with any additional morbidity. 

Standard of care supports closure of an ASD in any age
patient with dilated right-sided cardiac chambers and a sig-
nificant left-to-right shunt. When the ASD is small, and the
RV is not dilated, no intervention is typically warranted
(except in the patient who is at risk for, or has suffered, para-
doxical embolization). There are also issues regarding
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Figure 33.15 Fluoroscopic image of balloon sizing of atrial sep-
tal defect (ASD). Device size selection is based on the stretched
diameter of the defect (between the thin black arrows). The white
arrowhead indicates the ICE imaging catheter. RA, right atrium;
LA, left atrium.

Figure 33.16 Amplatzer Septal Occluder (AGA Medical,
Minneapolis, MN).

Figure 33.17 Intracardiac echo images of delivery of Amplatzer
device, left atrial (LA) occluder opened (white arrow) and being
pulled back toward the septum. RA, right atrium.

Figure 33.18 Intracardiac echo images of Amplatzer device in
its final position. Anterior edges of device are splayed out over the
aortic root.



patients with severe pulmonary hypertension related to a
larger ASD (10), as well as in the primary pulmonary hyper-
tension population (11), where the presence of an atrial level
shunt may actually improve survival when indexed pul-
monary vascular resistance exceeds 14 Units. Most of these
patients have some degree of right-to-left shunting at the
atrial level with associated cyanosis, owing to RV dysfunction,
and closing the atrial septal defect eliminates the pop-off
route for the right heart. By forcing all systemic venous return
through the RV and into the high-resistance pulmonary arte-
riolar bed, the RV may fail in more rapid fashion than if the
ASD had been left alone. In the patient discussed above, RV
systolic pressures were less than one-half of systemic levels in
the setting of a large left-to-right shunt, making the patient
suited for closure despite elevation of PA pressure. 

Rarely, an ASD with left-to-right shunting will be newly
discovered in a patient with left ventricular (LV) myocardial
dysfunction presenting with progressive congestive heart
failure. It can be difficult to determine, noninvasively,
whether the LV myocardial disease or the left-to-right shunt
is responsible for the patient’s symptoms. Similar to the
patient with pulmonary hypertension, the ASD in this case
allows a pop-off for the left atrium and sharing of diastolic
properties between right and left hearts. (In the setting of a
right ventricular infarction, however, right-to-left shunting
may take place, with resulting systemic arterial desatura-
tion.) In such a patient, we may test occlude the ASD with the
balloon sizing catheter (with a second catheter through the
defect into the LA). If the LA pressure remains in a relatively
physiologic range (mean �25 mm Hg), and there are no
symptoms of pulmonary edema, the defect can be closed.

Typically such patients appear to return to baseline LA pres-
sures within a few days after closure. If mean LA pressure
rises acutely with balloon occlusion �30 to 35 mm Hg,
however, pulmonary venous congestion, acute pulmonary
edema, and systemic desaturation may occur, indicating
that the LV may be too compromised in its current state to
allow ASD closure (Fig. 33.19). 

After transcatheter ASD closure, all previously symp-
tomatic patients tend to notice improvement in exercise
tolerance. Objective measures of exercise capacity have
corroborated these clinical observations, though in uncon-
trolled fashion (12,13). Transcatheter closure of atrial septal
defects is now an established therapy within the main-
stream of interventional cardiology for congenital heart
disease and is an excellent alternative to open heart surgery
in most affected persons.

POST–MYOCARDIAL INFARCTION
VENTRICULAR SEPTAL RUPTURE
SHUNT REDUCTION

Case 4: A 72-year-old man, s/p prior coronary artery
bypass grafting, with diabetes, a single kidney with renal
failure, hypertension, and hypercholesterolemia presented
72 hours after first onset of chest pain, with pulmonary
edema and cardiogenic shock, requiring mechanical venti-
latory and circulatory support. A harsh systolic murmur
prompted echocardiography, which noted mildly reduced
global LV systolic function, with a posteroinferior ventricu-
lar septal rupture. 

Catheterization allowed implantation of intra-aortic
balloon counterpulsation. Oximetric measure revealed
superior vena cava (SVC) saturation of 57%, PA saturation
88%, aortic saturation 98%, and Qp/Qs greater than 3,
with systemic cardiac index �1.5 L/minute per m2. Coronary
angiography and assessment of coronary grafts revealed
only a mid obtuse marginal branch subtotal occlusion,
which, after joint discussion between the medical and sur-
gical teams, was revascularized with stent implantation.
Given his medical comorbidities, the decision was made to
pursue a percutaneous approach to ventricular septal rup-
ture closure.

After trans-septal puncture from a right femoral venous
approach, a balloon end-hole catheter was passed from LA to
LV and guided through the ventricular septal rupture to the
RV and PA, where a 280-cm guidewire was inserted to main-
tain this position. The guidewire was snared via a catheter
placed from the ipsilateral femoral vein and retrieved out
through the second sheath, to create an “arteriovenous”
guidewire loop through the ruptured septum (Fig. 33.20).

Localized angiography within the ruptured segment
was performed using a side-hole angiographic catheter
advanced over the guidewire (Fig. 33.21). The ruptured seg-
ment was estimated to have a minimal diameter of 25 mm,
and a 38-mm CardioSEAL occlusion device (NMT Medical,
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Figure 33.19 Simultaneous right atrial (RA) and left atrial (LA)
tracings. Temporary balloon occlusion of an atrial septal defect
(ASD) in a patient with left ventricular dysfunction and a large
left–to-right shunt. Mean LA pressure rises sharply, with elimina-
tion of the LA pop-off, suggesting that the LV is too sick to tolerate
closure of ASD.



Boston, MA) was chosen for implantation via a 12 French
delivery system. A long sheath was placed from a venous
approach, in this case using the trans-septal access from RA
to LA to LV to RV, to allow passage of the device-delivery
system to the sheath tip and subsequent complete expan-
sion of the distal device arms within the RV. With traction
on the expanded RV occluder, the device conformed to the
septal and apical surfaces within the RV (Fig. 33.22). (The
other approach that has been used in posterior-inferior
ventricular septal defect (VSD) closure is retrograde place-

ment of a balloon flotation catheter in the LV, passage
across the VSD, with sharing of the guidewire from an
internal jugular puncture.) The device was centered within
the ruptured segment, and proximal arms were allowed to
expand on the LV side of the rupture (Fig. 33.23).
Appropriate positioning was confirmed via fluoroscopy;
the device was released and demonstrated stable position-
ing, with reduction of shunt flow (Fig. 33.24).

Oximetry performed immediately postimplantation
revealed SVC saturation 68%, PA saturation 78%, aortic
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Figure 33.20 Arteriovenous guidewire loop, imaged in orthogonal views (A and B) allows pas-
sage of catheters to and within the ventricular septal ruptured area to facilitate anatomic delineation
and potential implantation of closure device.

Figure 33.21 Localized angiography of the ruptured septum
allows delineation of the defect (black arrow), as well as proximity
of the ventricular surfaces and adjacent structures. A 38-mm
CardioSEAL occlusion device is noted on the patient’s chest sur-
face (white arrow) to serve as a sizing reference.

Figure 33.22 Deployment of CardioSEAL distal device arms,
fully expanded and conforming with septal and apical right ventric-
ular surfaces, within the ruptured segment.



saturation 98%, Qp/Qs 1.5, with improved systemic car-
diac index. Intra-aortic balloon counterpulsation was con-
tinued for 36 hours and subsequently discontinued, as was
mechanical ventilation. The patient returned home on
posthospitalization day 7 and remained in functional class
II symptoms 1 year after presentation. Minimal shunting is
still visualized by echocardiography, with mildly reduced
global LV systolic function. 

Discussion. Despite advances in the management of acute
coronary syndromes, rupture of the interventricular septum
remains one of the most threatening mechanical complica-
tions of myocardial infarction (14). Surgical strategies
emphasizing total exclusion of infarcted regions of the ven-
tricular septum and closure of the defect carry very high risk.
Based on the experience with percutaneous closure of con-
genital VSDs in the late 1980s to early 1990s (15), it was
suggested that (1) use of left ventricular approach be used to
intubate the defect (to ensure positioning through the
widest aspect of the passage), (2) use of femoral venous
entry for trans-septal access to the left ventricle (to decrease
intraprocedural, catheter-induced, aortic regurgitation, and
allowing for potential for either transvenous or transarterial
device delivery, as appropriate by defect location), (3) local
contrast injection angiography be used within the defect,
and (4) maintenance of position be ensured with secure
extra-long stiff wires (to best enable delivery system and
device passage to, and within, the defect). Double-umbrella
devices appear adequate to the closure of muscular VSDs
given their ability to (1) have differing conformations (flat-
tening against the interventricular septum, or remaining
partially expanded, to provide for best defect occlusion), (2)
be applied from either a RV or LV approach, to allow for
safest and most secure device deployment, and (3) be
retrieved or repositioned with relative ease and safety. 

Closure of post–myocardial infarction ventricular septal
ruptures offers additional challenges to those seen with
congenital muscular VSD closure (16). The defects are typ-
ically complex tears through the necrotic septum, with
poorly aligned entry and exit sites on LV and RV surfaces.
Continuing necrosis and scar retraction lead to defect
expansion over the first days to weeks. Our experience with
transcatheter ventricular septal rupture closure with double-
umbrella devices highlights technical feasibility in nearly
all patients. However, device evolution, to allow larger
device size and the ability to autoadjust to defect expan-
sion over the first weeks after implantation, is necessary to
permit potential for longer-term success in acutely ruptured
segments. Increasing experience with this technique is
expected to extend its application from limited centers and
to allow more rigorous comparison of safety and efficacy
to currently practiced surgical therapies.

PATENT DUCTUS ARTERIOSUS

Case 5: A 3-year-old asymptomatic child presented with a
soft continuous murmur that was not previously appreci-
ated. Transthoracic echo imaging with Doppler color flow
mapping showed a patent ductus arteriosus (PDA), with a
continuous high-velocity flow jet entering the MPA adjacent
to the bifurcation of the branch PAs (Fig. 33.25).

The patient was taken to the cardiac catheterization lab-
oratory, where femoral artery and femoral venous sheaths
were placed under intravenous sedation. The patient had
normal right-sided pressures. There was slight widening in
the aortic pulse pressure (aorta, 90/45), consistent with the
diastolic runoff of flow from the aorta into the pulmonary
artery (with physiology similar to that seen in patients with
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Figure 33.23 Deployment of CardioSEAL proximal device
arms, fully expanded and conforming with septal and apical right
ventricular surfaces, within the ruptured segment.

Figure 33.24 CardioSEAL occlusion device implantation within
25 mm posteroinferior to ventricular septal rupture, demonstrat-
ing persistence of shunt flow though markedly reduced in size.



aortic regurgitation.) The calculated Qp/Qs ratio was esti-
mated at 2:1, though it is difficult to assess these flows accu-
rately in the presence of a PDA (there is no location distal
enough from the shunt source to obtain a true mixed sam-
ple). An aortic angiogram was taken in anteroposterior
(AP) and lateral projections (Fig. 33.26). This revealed a

type A PDA (17), with a wide aortic ampulla and a 3-mm
minimum dimension at the MPA end of the funnel. Based
on these images, we elected to use an Amplatzer Duct
Occluder (AGA Medical, Minneapolis, MN; Fig. 33.27). The
device size was chosen such that the PA end of the device
exceeded the MPA dimension of the PDA by 2 to 3 mm. 

A multipurpose catheter was manipulated to the MPA
from the femoral vein, and a floppy-tipped torque wire
(0.035 inch) was advanced through the PDA into the
descending aorta. A delivery sheath was advanced from
the femoral vein over the wire into the descending aorta. The
device was loaded into the sheath and was advanced out
the end of the sheath, opening only the retention disk in the
aorta. The sheath was then withdrawn until the disk lodged
firmly against the aortic ampulla of the PDA (Fig. 33.28). As
traction was maintained against the aortic ampulla, the deliv-
ery sheath was slowly withdrawn, which allowed the body of
the device to open within the funnel of the PDA (Fig. 33.29).
As is quite common in patients with larger PDAs, there was a
small residual shunt, through the mesh of the device, imme-
diately after implantation. Within 10 to 15 minutes, all flow
had stopped and the PDA was completely closed (Fig.
33.30). The patient was discharged home 5 hours later.

Discussion. Patent ductus arteriosus can be discovered at
any age, and may present with significant congestive heart
failure in infants (especially premature infants), in whom
surgical intervention is generally preferable. In older chil-
dren with small ductus (�2 mm in diameter), coil
embolization remains the preferable closure device (18).
For PDAs �2.0 mm, the Amplatzer Duct Occluder is being
used with increasing frequency (19). 
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Figure 33.25 Jet of flow into pulmonary artery seen by flow
mapping in a patient with a patent ductus arteriosus. White arrow
denotes origin of flow. MPA, main pulmonary artery; RPA, right
pulmonary artery.

Figure 33.26 Aortic angiogram in the lateral projection (90	 left
anterior oblique [LAO]). The funnel of the patent ductus arteriosus
(PDA) is well demonstrated, with its narrowest portion at the main
pulmonary artery (MPA) insertion (white arrow). DescAo, descend-
ing aorta.

Figure 33.27 Amplatzer Duct Occluder. Wide aortic retention
disk and slightly tapered body, which fits into and occludes the
funnel of the patent ductus arteriosus (PDA).



Although older children very rarely present with symp-
toms, adults with previously undiagnosed PDA may mani-
fest symptoms as they age, and diastolic runoff into the
pulmonary artery reduces aortic diastolic pressure and
coronary perfusion (20). Therefore, patients with nonob-
structive coronary artery disease may have angina in the
presence of even a small PDA. Alternatively, patients who
have had small shunts for many decades may become
symptomatic as the left ventricular compliance changes as

part of the normal aging process. With the onset of sys-
temic hypertension, PDA flow may increase and the left
ventricular volume load may cause high-output failure.
The result is exercise intolerance, similar to a patient with
aortic or mitral valve regurgitation. Infective endocarditis
remains a risk throughout life if the PDA is not closed and
is the principal touted reason for closing a PDA in chil-
dren. In older adults without clinical symptoms who also
have valvar regurgitation or other cardiac lesions that
require antibiotic prophylaxis, the benefit of closing a
small PDA is less clear.

CORONARY ARTERIOVENOUS FISTULA

Case 6: A 47-year-old premenopausal woman without
atherosclerotic risk factors presented with episodic mid-
chest ache, atypical for angina. Since childhood, symptoms
had occurred in a nonuniform fashion both at rest and
with extreme exertion. A continuous cardiac murmur
along the right sternal border had been noted since birth,
but the patient had been active in high school and colle-
giate sports and had carried two uncomplicated pregnan-
cies to term. A recent change in primary care provider had
led to an evaluation with cardiac echo, which found
increased right- and left-sided chamber dimensions, as
well as an abnormal velocity jet in the right atrium, near
the os of the coronary sinus, but excluded septal defect or
patent ductus arteriosus. Nuclear exercise scintigraphy was
remarkable for resting hypoperfusion in the anteroapical
and inferior distributions of the left ventricle, without
redistribution at rest. 

Left and right heart catheterization was performed.
There were normal intracardiac and arterial pressures, but
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Figure 33.28 Retention disk opened in descending aorta and
pulled back against mouth of the patent ductus arteriosus (PDA).
The remainder of the device is still collapsed inside the delivery
sheath. White arrows denote the edges of the retention disk.

Figure 33.29 The Amplatzer device fully deployed, prior to
release. The black arrows indicate the fully expanded length of the
device within the patent ductus arteriosus (PDA).

Figure 33.30 Amplatzer Duct Occluder well positioned within
the funnel of the patent ductus arteriosus (PDA) as marked by the
black arrows. DescAo, descending aorta.



oximetry showed an SVC saturation of 75%, with a step-
up to 85% in the RA, RV, and both PAs. The calculated
Qp/Qs was 1.7. Selective left coronary angiography
demonstrated a normal left coronary artery without
obstruction. However, it was difficult to fully opacify the
dominant right coronary system. Nonselective ascending
aortography showed a markedly dilated right coronary

artery, with the presence of an arteriovenous fistula origi-
nating in the distal coronary and emptying into the coro-
nary sinus (Fig. 33.31). The distal RCA vasculature was
again not well seen (see Chapter 11). The right coronary
artery was engaged with a guiding catheter, through which
a 5 French thin-walled steerable catheter was advanced
into the distal vessel over a soft-tipped steerable guidewire.
Angiography of the distal coronary noted a region of rela-
tive stenosis of the fistula near the os of the coronary sinus
(Fig. 33.32), with evidence of membranous obstruction at
that site. 

A steel vascular occlusion coil, chosen to be 1-mm
greater than the size of the dilated arteriovenous fistula at
the site of the presumed membranous obstruction, was
extruded through the catheter positioned at the site, and
angiography confirmed stable position (Fig. 33.33).
Subsequent coronary angiography distally revealed clo-
sure of the defect with visualization of the small RCA ves-
sels for the first time during the procedure (Fig. 33.34).
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Figure 33.31 Nonselective aortography, noting right coronary
artery arteriovenous fistula, emptying into the coronary sinus (arrow).

Figure 33.32 Angiography within the dilated right coronary arte-
riovenous fistula, noting a region of nonopacification near the os of
the coronary sinus (arrow), suggesting a membranous obstruction.

Figure 33.33 A steel occlusion coil has been extruded into the
obstructed exit site of the arteriovenous fistula (arrow).

Figure 33.34 Opacification of the distal right coronary arterial
branches are noted immediately on occlusion of the arteriovenous
fistula.



Proximal right coronary arterial injection confirmed
occlusion of the arteriovenous fistula, with normal filling
of the distal right coronary arterial branches (Fig. 33.35).
No residual oximetric shunt was detectable. Postprocedure
nuclear scintigraphy revealed normal rest and exercise
perfusion, though occasional atypical chest pain contin-
ues to occur.

Discussion. Coronary arteriovenous fistulae may occur
from either congenital or acquired causes, with passage
of blood from the coronary arterial tree to any cardiac
chamber, pulmonary artery, or systemic or pulmonary
vein, competing with perfusion of the distal myocardial
capillary tree (see Chapter 11). Though highly variable in
structure, fistulae are typically thin-walled, dilated, and
follow a serpiginous course. Most have a single drainage
site in the right heart, though multiple exit sites may be
seen. Left-to-right shunting occurs from the aortic level
to the right heart, resulting in biventricular volume load-
ing, although most smaller fistula do not produce mea-
surable shunts (fistula flow of 100 to 200 mL/minute is
large compared with coronary flow to the myocardium
but small compared with the cardiac output of 4 to 5
liters).

Symptomatic patients typically complain of dyspnea and
less often of myocardial ischemia, though the presence and
nature of symptoms have not been correlated with size of
shunt or fistula, nor drainage site. Symptoms of left atrial
hypertension (dyspnea, development of atrial fibrillation)
owing to high-volume shunting have been reported. Less
symptomatic patients have long-term survival similar to
unaffected individuals. Fistula repair may be indicated in
the setting of documented ischemic or shunt-related symp-
toms, but surgical repair may be difficult owing to the typi-
cally distal and serpiginous nature of such fistulae (making
exit sites difficult to identify and reach) in affected older
patients.

Transcatheter approach to coronary arteriovenous fistula
closure allows accurate definition of fistula origin, potential
for temporary fistula occlusion (with a balloon end-hole
catheter) to allow angiography of distal vasculature, and clo-
sure of the fistula via an endovascular approach with a vari-
ety of occlusion devices (21). The fate of the native, thin-
walled proximal epicardial coronary artery (previously at
high flow and now at lower flow owing to fistula occlusion)
appears to be good, though long-term follow-up post–
endovascular fistula occlusion has not been reported.
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Figure 33.35 Selective proximal right coronary artery angiogra-
phy. The arteriovenous fistula is occluded, with filling of the distal
branches noted.
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Over the past decade, an increasing number of interven-
tional cardiologists have expanded their clinical practice
beyond purely coronary procedures to also include periph-
eral vascular intervention. The peripheral diagnostic tech-
niques have been reviewed in Chapter 14, and the basic
interventional techniques have been reviewed in Chapter
26. This Profiles section gives actual case examples, follow-
ing the same head-to-foot organization used in the previ-
ous peripheral vascular chapters.

AORTIC ARCH AND CAROTID 
ARTERY ANGIOPLASTY

Vertebral Artery Angioplasty

Revascularization of the vertebral arteries is indicated only
for patients with symptoms of vertebrobasilar insufficiency,
namely, dizziness, visual disturbances, and confusion or
coma. However, there is little correlation between severity
of stenosis affecting these vessels and the presence of
symptoms (1). Some patients may experience few or no
symptoms despite severe stenosis, whereas others may
experience profound symptoms despite only moderate
stenosis. This poor correlation stems from the fact that the
posterior fossa receives blood supply from the contralateral
vertebral artery and from the carotid artery system through
the posterior communicating arteries. Consequently, assess-
ment of a patient with significant stenosis of a vertebral
artery should always involve evaluating the patency of the

contralateral vertebral artery, the dominance of the diseased
vertebral artery, and the amount of blood supplied to the
vertebrobasilar system by the carotid arteries.

Depending on the location of the stenosis, treatment
options to revascularize the vertebral arteries may include
balloon angioplasty with or without stent placement
(2–6), surgery with transplantation of the vertebral arteries
onto the carotid artery, or bypass grafting from the subcla-
vian to the vertebral artery (7). Lesions located in the
ostium or the proximal portion of the vertebral artery can
be approached percutaneously (2–6). As is the case for
other aorto-ostial lesions (saphenous vein grafts, right coro-
nary arteries, or renal arteries), stenting should be strongly
considered to minimize elastic recoil. Lesions located more
distally may be treated with balloon angioplasty with pro-
visional stenting, depending on the angiographic results
and the tortuosity of the vessel. Distal vertebral artery
lesions are much more difficult to access and more prone
to dissection. In particular, those at the vertebrobasilar
junction and in the basilar artery itself have a higher
complication rate and are the most prone to dissection,
occlusion, perforation, and stroke (8–10).

In a prospective study from our institution (6), 16
patients and 20 lesions (18 ostial, 1 proximal, and 1 mid-
vertebral) were treated with 22 stents for indications
including: diplopia (n � 1), dizziness (n � 10), transient
ischemic attack of the vertebrobasilar system (n � 3), and
asymptomatic angiographic stenosis (n � 2). Angi-
ographic success (�20% residual diameter stenosis and
freedom from in-hospital death, stroke, or emergent



surgery) was achieved in all patients, although one patient
had a 5-minute transient ischemic attack 1 hour postproce-
dure with a patent stent. At a mean follow-up of 491  387
days, all patients were alive, and 15 of 16 patients (94%)
were free of recurrent symptoms. One patient developed
symptomatic in-stent restenosis 6 months after the proce-
dure, which was successfully treated with balloon angio-
plasty. Endoluminal stenting thus can be performed safely and
effectively, with a low complication rate and a durable clinical
success, in selected patients, particularly those with atheroscle-
rotic lesions of the vertebral arteries located in the ostium or the
proximal portion of the vessel. 

Case 1. This patient is a 66-year-old man who pre-
sented with recurrent episodes of orthostatic dizziness
associated with diplopia but not light-headedness over a 
2-month period. He had known atherosclerotic disease
including prior myocardial infarction, coronary artery
bypass surgery, carotid stenting, and lower extremity percu-
taneous intervention. Physical examination revealed a right
carotid bruit and a right supraclavicular bruit. The neuro-
logic examination was normal, and color-flow Doppler
examination of the carotid and vertebral vessels revealed
no significant carotid stenosis. There were, however, high
velocities noted at the origin of both vertebral arteries con-
sistent with stenosis with antegrade flow. He was referred
for aortic arch, cerebral, and vertebral angiography and
possible intervention. 

He was pretreated with clopidogrel and aspirin.
Diagnostic angiography was performed using digital sub-
traction with a 4F Berenstein catheter and revealed 80%

stenosis of the right vertebral artery, a left vertebral artery
that ended in the posterior inferior cerebellar artery, and
noncritical carotid artery stenosis. Right vertebral artery
intervention was performed in the following manner: The
4F Berenstein catheter was advanced into the right subcla-
vian artery with an extra-stiff 0.035-inch hydrophilic wire,
which was exchanged for a 0.035-inch extra-stiff exchange
wire. Over the extra-stiff wire, a 6F short femoral sheath
and a 6F JR4 coronary guiding catheter were advanced into
the right subclavian artery. The right vertebral ostium was
engaged and after baseline angiography (Fig. 34.1A), a
0.014-inch coronary guidewire was inserted into the verte-
bral artery and positioned at the base of the skull. The
lesion was stented directly using a 4.0 mm � 12 mm bal-
loon expandable coronary stent at 12 atmospheres (atm).
Poststent angiography (Fig. 34.1B) revealed no residual
stenosis or dissection. The patient had complete resolution
of his symptoms at 1-year follow-up.

Illustrative Points. The vertebral arteries arise from the
right and left subclavian artery just proximal to and oppo-
site the internal mammary arteries. They converge to form
the basilar artery, which supplies the brainstem (pons,
medulla, and midbrain), cerebellum, and posterior cere-
bral arteries (supplying the visual cortex). They may also
supply collaterals to the middle and anterior cerebral arteries
via the posterior communicating arteries in patients with
critical carotid artery stenosis. To have neurologically
symptomatic ischemia, both vertebral arteries (or the basilar
artery itself) must be involved, unless (as in this case) one
artery ends before it reaches the basilar. A corollary is that
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Figure 34.1 A. Selective injection
of the right vertebral artery through
a 6F guiding catheter demonstrating
ostial stenosis. B. Poststenting, there
is excellent filling of the vertebral
artery and no residual ostial stenosis.



only one artery usually needs to be treated to relieve the
vertebral ischemia. 

Carotid Angioplasty

Most patients with internal carotid atherosclerotic are asymp-
tomatic (11,12), but even asymptomatic patients with 75%
or greater stenoses have a 2 to 5% risk of stroke during the
first year. If there is concomitant plaque ulceration, the risk
of stroke increases to 7.5% per year (13). Several large
cooperative randomized trials have shown that surgical
intervention with carotid endarterectomy (CEA) improves
the natural history of this disease compared with aspirin
therapy. The North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) suggested that patients with symp-
tomatic internal carotid artery (ICA) of 50% or greater will
benefit from CEA (14). In this trial, the risk of ipsilateral
stroke was 26% at 2 years (i.e., 13% per year) for patients
with symptomatic stenoses of 70 to 99% treated medically,
compared with a 9% risk of stroke in the surgical group dur-
ing this 2-year period (i.e., 4.5% per year). This translates
into a relative risk reduction of 65% for the surgically treated
patients. The Asymptomatic Carotid Atherosclerosis Study
(ACAS) found that patients with an asymptomatic stenosis of
60% or greater treated by endarterectomy had a 5.8%
absolute risk reduction of fatal or nonfatal ipsilateral stroke
(15) over 5 years. But the inclusion criteria for these trials
were quite narrow, leading to exclusion of most of the
patients screened. There are many patients with high-risk
carotid lesions who do not meet the criteria established for
enrollment in those studies and for whom the indications
and risks of CEA are not established. Although the pub-
lished mortality in the NASCET trial was thus 0.6%, the
mortality of the universe of Medicare CEA patients was 3%
during the same period (16). 

Carotid stenting is now available as an alternative to
both medical and surgical management. Several studies
have been published in which stenting was carried out
with a very acceptable degree of safety and with excellent
acute and 6-month outcomes (17–24). Furthermore, a
landmark trial (Stenting and Angioplasty with Protection
in Patients at High Risk for Endarterectomy, SAPPHIRE)
compared carotid stenting with distal protection favorably
with endarterectomy in high-risk surgery patients (25). A
total of 723 patients were enrolled in this trial, with 156
randomized to carotid stenting with distal protection, 151
randomized to endarterectomy, and 416 patients treated in
a nonrandomized registry (409 stent, 7 surgery). The 30-
day stroke/death/myocardial infarction (MI) rate for the
randomized patients was significantly lower in the carotid
stent group (5.8%) compared with the surgical group
(12.6%, P � .05). In the nonrandomized registry patients,
the 30-day stroke, death, or MI rate was 7.8% for stents and
14.7% for surgery, without the 5.3% rate of cranial nerve
injury seen in the surgical group This trial provides strong
support that stent placement with distal protection may

now be the procedure of choice in patients at increased risk
for surgery (Table 34.1; 22–25).

Case 2. This 80-year-old woman presented with right
hemispheric transient ischemic attacks (TIAs) manifest by
left-sided weakness. Her history includes hyperlipidemia,
three-vessel coronary artery disease, a permanent pace-
maker, and prior coronary percutaneous intervention. At
the time of evaluation, she had stable angina. Her physical
examination was remarkable for a harsh right carotid bruit
and a normal neurologic exam. Carotid duplex examina-
tion revealed 80 to 99% stenosis of the right internal
carotid artery and 40 to 59% stenosis of the left internal
carotid artery. Carotid angiography confirmed a 90% right
internal carotid stenosis and 50% left internal carotid
stenosis. Vertebral angiography was unremarkable, and she
was referred for carotid angioplasty and stenting.

After pretreatment with aspirin and clopidogrel, and
5,000 units of intra-arterial heparin, carotid stenting was
performed under a protocol for patients at high risk for
carotid endarterectomy. A 5F Vitek catheter and an extra-
stiff 0.035-inch Glidewire were used to engage the right
external carotid artery. The Glidewire was exchanged for an
extra-stiff Amplatz exchange wire, and the 6F shuttle
sheath was inserted into the right common carotid artery
over the wire in the external carotid artery. Angiography
was performed using digital subtraction, with anteroposte-
rior (AP) and lateral views of the common carotid bifurca-
tion and the cerebral circulation. The right internal carotid
artery had a 90% stenosis just after the common carotid
bifurcation (Fig. 34.2A). The lesion was crossed with an
Angio Guard distal embolic protection device (see Chapter
23), and the lesion was predilated with a 4.0 � 30 mm bal-
loon. A 9.0 � 40 mm nitinol stent was then deployed
across the carotid bifurcation. The stent was postdilated to
12 atm using a 5.0 mm � 2 cm coronary balloon, after
which the distal protection device was retrieved and final
angiography was performed. There was 30% residual
stenosis at the angioplasty site (Fig. 34.2B). Postprocedure,
the patient developed transient hypotension that responded
to volume expansion, atropine, and �-agonists. She has
remained asymptomatic at 1 year with no evidence of
restenosis by carotid duplex examination.
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PATIENTS AT HIGH RISK FOR
ENDARTERECTOMY WHO ARE CANDIDATES
FOR ANGIOPLASTY AND STENTING

TABLE 34.1

1. Significant medical comorbidity
2. Recurrent stenosis after carotid endarterectomy
3. Contralateral carotid artery occlusion
4. Radiation-induced stenosis
5. Surgically difficult to access high-cervical stenosis
6. Aorto-ostial lesions
7. Tracheotomy



Illustrative Points. Treatment of both symptomatic and
asymptomatic carotid artery is no longer experimental!
More than seven pivotal trials (including one randomized
controlled trial [RCT]) comparing CEA with carotid stent-
ing (25) have been completed in the United States, with
30-day stroke and mortality rates in high-risk surgical
patients rivaling the best results with endarterectomy.
Patients are candidates for carotid stenting if they are high
risk for carotid endarterectomy, including those with inac-
cessible carotid lesions (high internal carotid or aorto-
ostial common carotid), contralateral carotid occlusion,
prior ipsilateral endarterectomy, permanent tracheostomy,
radiation fibrosis, or high medical comorbidity. 

Self-expanding stents are preferred for the carotid bifur-
cation because of the risk of crushing balloon-expandable
stents by external forces. There are two carotid stent sys-
tems (embolic protection plus self-expanding stent) cur-
rently approved by the FDA, with more expected over the
next 12 to 18 months. They can be delivered through either
a 6F sheath or an 8F guiding catheter. The nonkinking 6F
sheaths have an outer diameter that is approximately the
same as an 8F guiding catheter, so the size of the access site
hole is similar in both. Unlike coronary artery stenting, the
goal after carotid stenting does not require obtaining a perfect
angiographic result. Because the main risk of this carotid

intervention is distal embolization given the large plaque
burden, great care is taken to avoid manipulating the
carotid artery any more than is necessary to achieve a
smooth flow channel of reasonable diameter. Using this
technique of underdilation of self-expanding stents gives a
restenosis rate of �10% (20), and major complications are
not seen from covering the ostium of the external carotid
artery (although the status of the other vessels needs to be
considered).

Hypotension post–carotid stenting may signify bleed-
ing from the access site (see Chapter 3), but is commonly
seen owing to stretching of the carotid sinus by the stent.
This generally responds to volume expansion, although
atropine and �-agonists are used when volume expansion
alone is not sufficient.

Intracranial Angioplasty

Several studies have shown that intracranial disease can be
viewed as a marker of extensive cerebrovascular and sys-
temic atherosclerotic disease, particularly coronary artery
disease (26). Although the traditional risk factors for devel-
opment of atherosclerotic disease, particularly tobacco
abuse and hypertension, also affect the intracranial circula-
tion (27), some authors have suggested that intracranial
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Figure 34.2 A. A lateral digital
subtraction angiogram of the com-
mon carotid artery and its branches
demonstrates minor plaquing in
the common carotid just before the
bifurcation and critical stenosis of the
right internal carotid artery 1.0 cm
beyond the bifurcation. B. After
stenting, there is still 10–20% resid-
ual stenosis in the internal carotid
artery. Aggressive dilating and try-
ing to achieve a perfect result is not
recommended because of the risk
of distal embolization and stroke.



atherosclerosis is especially prevalent in Black Americans
and Asians (28,29).

The incidence of stenotic lesions located in the intracra-
nial ICA, the intracranial vertebrobasilar system, and the
proximal middle cerebral artery is far less than that of extra
cranial carotid and vertebral atherosclerosis. In one study
from the Mayo Clinic, of 1,000 consecutive patients under-
going angiography, 19% had moderate to severe intracranial
ICA stenosis and 29% had mild intracranial ICA stenosis
(26). The most common location is the intracranial portion
of the ICA (49%; particularly the intracavernous portion),
followed by the middle cerebral artery (20%), posterior
cerebral artery (11%), distal vertebral and basilar arteries
(11%) and anterior cerebral artery (9%; 30). These lesions
are responsible for 5 to 10% of all ischemic strokes (31).

The prognosis of symptomatic patients with intracranial
stenosis is well characterized, particularly for lesions
involving the ICA and middle cerebral artery. In one study
(32), 58 patients with intracranial ICA stenosis were fol-
lowed for 30 months. Forty-three percent of the patients
suffered a cerebrovascular accident or died at this follow-
up, mostly owing to a cardiac event or stroke. In another
study (33), 72 patients with stenosis or occlusion involv-
ing the anterior circulation were randomized to medical
treatment or extracranial-intracranial bypass surgery. The
stroke rate was 36% in the patients randomized to medical
treatment and 38% in the patients randomized to surgery.
A comparable fate has been observed in patients with
symptomatic intracranial lesions of the posterior circula-
tion (34). Because of the current technical limitations of
angioplasty for intracranial stenosis, this form of treatment
should be reserved for patients who have failed medical
treatment (10,35–37). Based on retrospective data, war-
farin appears to be superior to aspirin (34); however, this
has not been confirmed prospectively. 

Compared with angioplasty of the extracranial carotid
and vertebral arteries, angioplasty of the intracranial por-
tion of these vessels is technically more difficult and carries
a higher complication rate. In one study of 17 patients and
22 vessels treated with balloon angioplasty, procedural
success was obtained in 82% (10). There were two strokes
during angioplasty, for a 30-day morbidity rate of 9.1% per
treated vessel and 11.7% per case. The average preangio-
plasty stenosis was 72  8%, and postangioplasty stenosis
was 43  24%. Interestingly, at 6-month angiographic
follow-up, further angiographic improvement was observed
(37  21%) in 8 patients and 12 vessels, suggesting a
process of positive remodeling. 

Stent placement for intracranial carotid arteries has also
been reported with encouraging results (37–39). We recently
reported our results of 15 patients with symptomatic
intracranial carotid (n � 10) or vertebrobasilar (n � 5) ather-
osclerotic lesions with balloon angioplasty and provisional
stenting (40). Stand-alone angioplasty was performed in 10
patients and stenting was attempted in 6 patients, in whom
the device was successfully delivered in 5. Technical success

(residual stenosis of �50%) and clinical success (technical
success and in-hospital freedom from death and stroke) with
ongoing 30-day event-free survival were obtained in all
patients. Interestingly, 8 patients (53%) showed improve-
ment in a chronic neurologic deficit believed to be perma-
nent prior to the procedure—hence the term brain angina. At
1-year follow-up, one patient died. Of the 14 patients still
alive, 13 (93%) remained free from TIA or stroke. 

We conclude that intracranial angioplasty with provi-
sional stenting is a feasible treatment option for sympto-
matic patients with stenosis of the intracranial portion of
the carotid or vertebrobasilar arterial circulation. Whether
the new more flexible stents will improve the outcome of
angioplasty in the intracranial circulation and change the
natural history of the disease will have to be determined in
larger controlled studies.

Case 3. This 35-year-old woman presented with a 
2-month history of left hemispheric stroke manifest by apha-
sia and right-sided weakness. After her stroke, she sustained
three more transient episodes of right-sided weakness and
aphasia; consistent with TIAs in the same distribution.
Magnetic resonance imaging (MRI) demonstrated a stroke
in the left middle cerebral artery (MCA) distribution, and
magnetic resonance arteriography  (MRA) revealed high-
grade bilateral MCA stenosis. Her exam was remarkable for
expressive aphasia. She was referred by neurology to inter-
ventional cardiology and neuroradiology for evaluation
and treatment. This was done in a collaborative manner by
the interventional cardiologist and interventional neurora-
diologist.

Four-vessel selective cerebral angiography was per-
formed using a 4F Berenstein catheter. This revealed critical
left MCA, M1 branch, stenosis (Fig. 34.3A) and a normal
right MCA (in contradiction to the MRA findings). There
were no collaterals from the vertebral artery, indicating an
absence of the left posterior communicating artery.
Intervention was then performed by advancing a multipur-
pose 6F coronary guiding catheter over an Amplatz exchange
wire into the distal extracranial left internal carotid artery
(ICA) just below the base of the skull. Using a coronary
manifold and road mapping, a hydrophilic coronary guide-
wire (Whisper wire) was advanced through the intracranial
carotid artery and across the critical stenosis in the left
MCA. The lesion was then dilated using a 2.0 � 15 mm
coronary balloon at 10 atm. Angiography revealed an excel-
lent balloon result, so the guidewire was removed and
angiography was repeated. Because of a small dissection at
the site of the lesion (Fig. 34.3B), we attempted to pass a
coronary stent; however, this would not traverse the bony
siphon. Hemostasis was obtained with a closure device. Her
symptoms of aphasia improved but did not resolve com-
pletely, and she was discharged the following morning on
acetylsalicylic acid (ASA, aspirin) and clopidogrel.

Case 4. This 63-year-old patient was referred by her
neuroradiologist because of recurrent episodes of dizziness,
weakness, and diplopia 10 days after suffering a posterior
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circulation stroke. Her exam was consistent with cerebellar
stroke (unable to stand, diplopia, and weakness). MRI
showed pontine and basal ganglia infarction with ischemia
in the visual cortex. MRA revealed high-grade stenosis of
the basilar artery. 

After premedication with ASA and clopidogrel, angiogra-
phy was performed with a 6F headhunter catheter, demon-

strating critical stenosis of the midbasilar artery (Fig. 34.4A)
with stenosis in the V4 segment (intracranial portion) of
the left vertebral artery. Intervention was performed initially
using a 6F guiding catheter and a hydrophilic coronary
wire, which was then exchanged for a conventional coro-
nary guidewire. The lesion was dilated with a monorail
3.0 � 15 mm coronary balloon at 8 atm, with a 20% residual
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Figure 34.3 A. Critical stenosis
(arrow) of the left M1 segment of the
middle cerebral artery. B. After bal-
loon angioplasty, there is a small dis-
section that does not appear to be
flow limiting. The small superior side
branches arising from the M1 seg-
ment are the lenticulostriate arteries.
Occlusion of these small end arteries
by stenting can lead to a large
stroke.

Figure 34.4 A. Intracranial angio-
plasty. Critical stenosis in the basilar
artery located just distal to the ante-
rior inferior cerebellar artery. B. After
balloon angioplasty with a coronary
system, showing significant improve-
ment.



stenosis (Fig. 34.4B). Stenting was not performed because
of the pontine branches that arise from the basilar artery at
the point of the stenosis. The patient had no subsequent
events and remains asymptomatic at 2 years.

Illustrative Points. Intracranial angioplasty is a field in its
infancy where collaboration between neurology, neuroradiology,
and the interventionist is important. These two cases illustrate
how patients with recurrent focal symptoms in the same vas-
cular distribution should be referred for angiography even if
the duplex examination shows no cervical carotid stenosis.
Lesions of the aorto-ostial common carotid artery and the
high internal carotid, including intracranial carotid or verte-
bral arteries, can be missed by carotid duplex examination
and other noninvasive imaging methods. Computerized
Tomographic Angiography (CTA) and MRA may also under-
call or overestimate the percent diameter stenosis—angiog-
raphy remains the gold standard. The role of platelet glyco-
protein IIb/IIIa receptor inhibitors has some theoretic
basis, but has not been established in this patient popula-
tion. Stenting is performed in a provisional manner
because, first, many lesions are not stentable with current
devices given tortuosity in the target vessel, and second,
side-branch occlusion of the small branches, especially of
M1 (lenticulostriate arteries) and the basilar artery (pon-
tine perforators), can lead to a major stroke.

Case 5. This previously healthy 63-year-old woman pre-
sented to a community hospital with an acute anterior wall
MI treated with percutaneous coronary intervention (PCI)
and abciximab 3 days ago. Her course was complicated by
atrial fibrillation for which she was treated with amio-
darone with subsequent conversion to sinus rhythm. Two
days post-PCI, she developed sudden onset of right-sided
hemiplegia and dense aphasia. Her cardiologist adminis-
tered rt-PA 50 mg and transferred her by helicopter to the
stroke center where she underwent immediate angiography
at 3 hours, demonstrating occlusion of the M2 segment
(first bifurcation) of the left MCA (Fig. 34.5A). Because this
lesion most likely represented an embolus of some age,
meaning it is likely to be organized thrombus, thrombolysis
and balloon angioplasty are not likely to be successful. 

Intervention was performed using the concentric retrieval
system. A 7F balloon-tipped guiding catheter was advanced
to the distal ICA at the base of the skull. A Whisper wire was
advanced through the concentric microcatheter across the
occlusion in the left MCA. The wire was replaced with the
concentric retrieval system. The thrombus was entangled in
the coils of the retrieval device (Fig. 34.5B), then was with-
drawn under fluoroscopic guidance while aspirating
through the balloon-tipped guiding catheter into the guide.
Angiography demonstrated recanalization of the occlusion
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Figure 34.5 A. Occlusion of the distal left M1 branch of the middle cerebral artery (MCA) in a
woman with embolic stroke due to atrial fibrillation. B. Positioning of the concentric retrieval system
in the occlusion. C. Angiographic appearance after clot removal with no residual stenosis. 
D. The clot that was removed (below the ballpoint pen for reference) was small, fibrous, organized,
and had trabeculation similar to that found in the left atrial appendage.

D



with no residual stenosis or thrombus (Fig. 34.5C). The
aspirate revealed a large, white, organized thrombus
with trabeculation resembling the inside of the left atrial
appendage (Fig. 34.5D top). The patient developed sud-
den and dramatic resolution of her hemiplegic symp-
toms over the next 12 hours and had no residual deficit
the next morning. She was treated with aspirin, clopido-
grel, and warfarin to prevent further embolization. 

Illustrative Points. This case illustrates the potential impor-
tance of cardiologists being able to prevent, diagnose, and treat
stroke. Rapid recognition and treatment are essential
because patients with stroke for over 3 hours do not bene-
fit from systemic thrombolysis, and patients greater than
6 hours after the onset rarely benefit from any interven-
tion. Occlusion of the major branches of the MCA does
not usually respond to intravenous lysis, and this patient,
in particular, had a contraindication to lysis, namely, the
arterial puncture treated with manual compression 72 hours
earlier. Catheter-based intervention with balloons, stents,
and retrieval devices is still investigational, but has become
the treatment of choice in our institution for strokes
between 3 and 6 hours old or major strokes (MCA or
basilar distribution) of any age. With proper patient selec-
tion and technique, the outcome of catheter-based inter-
vention in patients who are not candidates for lysis can be
as good as for those who receive lysis. This procedure
should be done only in collaboration with neurologists
and neuroradiologists, because the anatomy, pathology,
and treatment are different than that of acute MI.
Intracranial hemorrhage, the most common serious com-
plication of stroke intervention, is usually fatal if it occurs
in this setting.

Subclavian and Brachiocephalic 
Artery Angioplasty 

Significant subclavian artery stenosis has been found to be
approximately 2% in the general population and 7% in
patients with risk factors for atherosclerotic disease in a
recent large study (41). The stenosis is usually focal and
located in the proximal portion of the vessel, before the
origin of the vertebral and internal mammary artery. The
left subclavian artery is involved three to four times more
frequently than the right. Although atherosclerotic disease
is by far the most common cause of subclavian artery
stenosis, unusual conditions such as Takayasu arteritis,
fibromuscular dysplasia, giant cell arteritis, radiation-
induced occlusive disease, and the thoracic outlet syn-
drome may affect this vessel and cause significant stenosis
(42–47; see Chapter 14).

The clinical manifestations of subclavian artery stenosis
include upper extremity ischemic symptoms with arm
claudication related to exercise or from embolization to
the digits (48). Subclavian steal syndrome occurs as a
result of flow reversal in the vertebral artery, leading to
symptoms of vertebrobasilar insufficiency (49,50). In the

coronary-subclavian steal syndrome, there is reversal of
flow in an internal mammary graft as a result of a proximal
subclavian stenosis, which may cause symptoms of
myocardial ischemia (51,52).

Before the advent of percutaneous revascularization
techniques, surgery was considered the standard treat-
ment for this condition. Techniques included transtho-
racic procedures, carotid-subclavian bypass, and axilloax-
illary bypass—all carrying significant morbidity and
mortality. Hadjipetru et al. (53) recently reviewed the out-
comes of 52 surgical studies with 2,496 patients. The tech-
nical success was 96% (range: 75 to 100%) and the com-
plication rate was 16  11% (range: 0 to 43%) with a
mortality rate of 2  2% (range: 0 to 11%) and a stroke
rate of 3  4% (range: 0 to 14%). At a mean follow-up
of 51  25 months, recurrence of symptoms occurred in
16  14%.

Balloon angioplasty for subclavian artery stenosis can
be carried out with high technical success as an alternative
to surgery (54–57). Stenting, when used in addition to bal-
loon dilation, may reduce the risk of embolization and
achieve anatomically and physiologically superior results.
In the study of Hadjipetru (53), the published series of
patients treated with stents were also summarized. Of 108
patients treated with these devices, technical success was
obtained in 97  4%, with adverse events in 6  5%. In a
multicenter registry involving eight centers, stenting of the
subclavian artery was successful in 98.5% of patients, and a
TIA occurred in only one (0.5%) patient. 

Based on the current available data, percutaneous revas-
cularization with balloon angioplasty followed by stent
placement appears to yield superior results with fewer
complications than surgery for the treatment of significant
stenoses of the subclavian arteries. Stenting is thus often
considered the treatment of choice these lesions.

Case 6. This 66-year-old woman presented with a chief
complaint of left arm claudication. She stated that she had
a history of progressive pain and weakness in her left arm
that was associated with the symptom of the room “spin-
ning around her” during left arm exertion. Symptoms were
especially prominent while washing the dishes and folding
laundry. She had a history of hypertension, hyperlipi-
demia, and diabetes. Her blood pressure was 180/90 in the
right arm and 130/60 in the left arm. Her left radial pulse
was weak. Duplex scanning revealed reversal of flow in the
left vertebral artery. Coronary angiography by the referring
physician revealed nonobstructive coronary disease. Angi-
ography of the left subclavian artery revealed 90% stenosis
of the left subclavian artery proximal to the left internal
mammary artery (Fig. 34.6A). The vertebral vessel filled in
a retrograde manner. 

The patient underwent percutaneous intervention using
a 6F long sheath, which was inserted into the left subcla-
vian artery over an extra-stiff 0.035-inch guidewire that had
been placed across the stenosis. The peak translesional
gradient was measured to be 50 mm Hg. The lesion was
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predilated using a 6 � 20 mm balloon over an extra-stiff
coronary 0.014-inch guidewire. A 6 � 17 mm balloon-
expandable stent was then advanced across the lesion and
deployed at 12 atm. A second 7 � 17 mm balloon-
expandable stent was deployed at the ostium at 16 atm.
Final angiography was performed revealing restoration of
antegrade flow into the left vertebral artery (Fig. 34.6B).
The pressure gradient across the lesion was abolished. 

Illustrative Points. Subclavian artery stenosis can present
with claudication, critical limb ischemia, or subclavian
steal syndrome. This patient’s symptoms and examina-
tion were classic for the lesion that was found. In patients
with prior left internal mammary artery (LIMA) to coro-
nary artery bypass surgery, angina may be the presenting
symptom. The surgical treatment of this lesion by carotid
to subclavian bypass has a mortality of 5% and a major
morbidity (mainly cardiac) of approximately 25%. In a
multicenter registry (57), the treatment of these patients
with stents has a major morbidity of �1% and a resteno-
sis rate of 10%. The same technique is used to perform
aorto-ostial stenting of the carotid and brachiocephalic
arteries. Balloon-expandable stents are preferred in this
location because of the ability to precisely position them
at the ostium without compromise of important side
branches.

THORACIC AORTIC INTERVENTION

Coarctation of the Aorta

Patients with long-standing coarctation of the aorta have
an increased risk for development of coronary artery dis-
ease, aortic dissection, and pseudoaneurysm formation
(58). The treatment of native coarctation of the aorta has
traditionally been surgical. Although this procedure is
effective in obliterating the pressure gradient and relieving
symptoms, the incidence of restenosis and aneurysm for-
mation is not negligible, ranging from 5% to as high as
50% (59–63). Percutaneous catheter-based procedures
have emerged as a feasible alternative to surgical treatment

in selected patients (see also Chapters 14, 27, and 33).
Several studies have shown that balloon angioplasty can be
carried out with a high technical success and a low compli-
cation rate (64–69). There is still controversy as to whether
balloon angioplasty or surgery is the treatment of choice
for native coarctation of the aorta, but most investigators
agree that balloon angioplasty is a better treatment for
postoperative coarctation (70,71).

Most published studies have found that angioplasty was
highly effective in reducing the pressure gradient (64–71).
In one study of 43 patients with native coarctation of the
aorta, the pressure gradient was reduced from 69  24 mm
Hg before angioplasty to 12  8 mm Hg after angioplasty
(65). There were no procedural deaths, but 7% developed
an aneurysm at follow-up (range: 1 to 10 years), and 7%
developed recurrent coarctation at 12-month angiographic
follow-up. In another study of 90 patients with recurrent
coarctation, the pressure gradient was reduced from 31 

21 mm Hg to 8  9 mm Hg (68). In 11 patients (12%), the
procedure failed to reduce the pressure gradient to �20
mm Hg (procedure failure). There were two neurologic
events and one death. At 12-month follow-up, 72%
remained free from need for reintervention. On the other
hand, some investigators have not found significant differ-
ences in treating native or recurrent coarctation with bal-
loon angioplasty (69).

The use of endoluminal stents to minimize the elastic
recoil, improve the immediate hemodynamic results, and
possibly decrease the recurrence of coarctation has been
investigated (72,73). In one study (72), nine patients were
treated with stenting (seven patients had had a previous
operation or balloon dilation). Reduction in gradient
across the coarctation and increase in diameter of the nar-
row segment occurred immediately after stent implanta-
tion. At a median follow-up of 13 months, residual gradi-
ent across the stented segment remained low in eight
patients. One patient required redilation of the stent. In a
more recent series of 32 patients with coarctation of the
aorta (23 patients had postoperative recurrent coarctation
and 9 patients had native coarctation) treated with endovas-
cular stents, the mean systolic pressure gradient was
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Figure 34.6 A. Critical stenosis in
the left subclavian artery (arrow),
which supplies both the left verte-
bral (underfilled) and left internal
mammary artery as well as the axil-
lary artery. There is ostial disease in
the subclavian artery as well. B. After
placing tandem balloon-expandable
Palmaz stents in the left subclavian
artery, there is normalization of flow
to the left vertebral and left axillary
arteries. The left vertebral has a
50% ostial stenosis, which was not
treated.



decreased from 31 to 1.8 mm Hg (73). At 1.5 years of fol-
low-up, eight patients required repeated stent dilation, and
the only complication was stent migration in one case.

The indications for the use of endoluminal stents in
coarctation of the aorta is still uncertain, but on the basis
of this limited but encouraging experience, it has been sug-
gested that potential indications for these devices include
the following: hypoplasia of the isthmus or transverse aor-
tic arch, tortuous coarctation with misalignment of the
proximal with distal aortic segment, which are difficult to
treat surgically, and recurrent aortic coarctation or small
aneurysm after previous surgical or balloon therapy (74).

Case 7. This 70-year-old woman presents with severe
hypertension on multiple medications and asymptomatic
two-vessel coronary artery disease. Her examination was
remarkable for a systolic bruit between the scapulae, a 50
mm Hg gradient between her arm and leg blood pressure,
and weak but symmetrical pulses in her lower extremities.
She was referred for intervention rather than surgery
because of her age and concomitant coronary disease. The
coarctation was crossed with a multipurpose catheter and
floppy Glidewire. Angiography revealed an 80% stenosis in
the aorta just distal to the left subclavian artery with post-
stenotic dilatation (Fig. 34.7A), with a 60 mm Hg peak sys-
tolic gradient across the coarctation. Intravascular ultra-
sound (IVUS) demonstrated the aorta to be 18 mm in
diameter proximal to the coarctation and 25 mm in diam-
eter distal to the coarctation. Angiographic measurements

were also obtained. Using an extra-stiff 0.035-inch wire, a
long 12F sheath was advanced across the coarctation. A
transvenous pacemaker was placed in the right ventricle
(RV) and asynchronous rapid ventricular pacing was begun
at 180 beats per minute (bpm) to reduce left ventricular
ejection and thus forward flow in the aorta. Using the
sheath to protect the stent as it crossed the lesion, the
coarctation was stented directly with a 12 � 36 mm stent
mounted on a 16 mm � 4.0 cm balloon (Fig. 34.7B).
Angiography revealed underdilation of the stenosis with a
persistent gradient of 18 mm Hg, so a 20 � 40 mm bal-
loon was used to postdilate the balloon-expandable stent.
Angiography (Fig. 34.7C), IVUS, and pressure gradients all
confirmed correction of the coarctation.

Illustrative Points. Coarctation of the aorta usually pre-
sents with hypertension proximal to the coarctation. In
some patients with long-standing coarctation, congestive
heart failure can result from chronic pressure overload.
When treating coarctation of the aorta with endovascular
techniques, IVUS is recommended to accurately size the
vessel and avoid overdilation of the aorta, which can lead
to serous dissection, rupture, or death. Self-expanding
stents tend to migrate into the distal ectatic aorta, making
balloon-expandable stents preferable. The use of rapid ven-
tricular pacing effectively stops the cardiac output for a few
moments to allow proper placement of the stent without
distal migration during systole. The maximum diameter of
this balloon-expandable stent is 20 mm, and considerable
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Figure 34.7 A. A typical coarctation just distal to the left subclavian artery seen by digital sub-
traction angiography with a pigtail catheter located in the aortic arch. B. Poststenting with a balloon-
expandable stent, there is minimal residual stenosis compared with the isthmus (proximal part) of
the coarctation. It is important to size the balloon by measuring the vessel proximal to the coarcta-
tion rather than distal to reduce the risk of the serious complications of dissection and rupture.



shortening occurs at this diameter, so careful positioning is
important. Postsurgical correction coarctations are less
likely to develop dissection and rupture with balloon
angioplasty than native or virgin coarctations.

Endoluminal Thoracic Aneurysm Repair

The prevalence of thoracic aneurysms is difficult to deter-
mine because of under-reporting of these aneurysms in
U.S. mortality statistics. In Sweden, in a stable urban popu-
lation with an autopsy rate of 83%, the incidence of tho-
racic aortic aneurysm between 1958 and 1985 was 489 per
100,000 autopsies in 65-year-old men and 670 per 100,000
autopsies in 80-year-olds (75).

The prognosis of untreated thoracic aneurysms is poor. In
three large studies, which included 264 patients with tho-
racic aneurysms who did not undergo surgery at the time of
diagnosis, rupture of the aneurysm was the most common
cause of death, ranging from 42 to 70% (76–78) of mortal-
ity, with a 5-year survival rate ranging from 13 to 39%. 

In general, patients with aneurysms �5.0 to 5.5 cm in
the ascending aorta, �5.5 to 6.0 cm in the aortic arch, or
�5.0 to 6.0 cm in the descending aorta should undergo
surgical intervention (79). But given the high prevalence of
cardiovascular disease in this patient population, surgical
treatment carries a significant mortality—12% when the
procedure is performed electively, or as high as 50% when
the procedure is performed emergently (76,80). Similarly,
stroke and spinal cord injury are frequent complications of
surgical treatment (79).

Endovascular stent grafts have been described as an
alternative to surgical treatment for descending thoracic
aortic aneurysms in selected patients (81,82). Dake et al.
(82) reported experience in 13 patients with descending
thoracic aortic aneurysm with a mean diameter of 6.1 cm
(range, 5 to 8 cm). Technical success was obtained in all 13
patients. There were no deaths, paraplegia, or stroke at 11.6
months of follow-up, and there was complete thrombosis
of the thoracic aortic aneurysm surrounding the stent graft

in 12 patients. One patient with extensive chronic dissec-
tion required open surgical graft placement because of pro-
gressive dilation of the arch. Following submission of their
paper, 20 additional patients with 23 thoracic aneurysms
underwent endovascular stent grafts, with success in 21
cases and 2 deaths in patients from multiorgan failure (1
preceded by paraplegia). Although the experience is still
limited, endovascular stent grafts appear to be a promising
alternative to surgery for the treatment of thoracic aortic
aneurysms in selected patients.

Case 8. This 58-year-old Hispanic man was referred
from South America with an asymptomatic 6-cm saccular
descending thoracic aneurysm (Fig. 34.8A). He was treated
by endovascular means using a femoral cutdown and a
self-expanding nitinol endoluminal graft during a proce-
dure that lasted �1 hour. Following deployment of the
graft, there was still a bulge of graft material into the
aneurysm owing to a lack of external support on the graft,
with no evidence of leaking (Fig. 34.8B). 

Illustrative Points. Although this is a very promising and
exciting area for endovascular intervention, the nonsurgical
treatment of these aneurysms is still in its infancy. Because
standard surgical repair carries with it a high morbidity and
mortality as stated above, investigators are anxiously await-
ing the development of an endovascular solution to this
problem. Of note, the most likely cause of this type of sac-
cular aneurysm of the thoracic aorta is infection, especially
salmonellosis, not atherosclerosis.

CELIAC AND MESENTERIC 
ARTERY ANGIOPLASTY

Mesenteric artery stenosis is relatively common, with a
prevalence of 17% in patients older than 70 years of age
(83). Despite the prevalence of this condition, chronic
mesenteric ischemia is an uncommon cause of chronic
abdominal pain, with a reported prevalence in approxi-
mately one case per 100,000 population (84). This is
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Figure 34.8 A. Digital subtrac-
tion aortography of the descending
thoracic aorta demonstrates a sac-
cular aneurysm (arrow). B. After
placement of an oversized, self-
expanding endoluminal graft, there
is no evidence of graft leaking.
There is ectasia at the site of the
aneurysm owing to expansion of the
prosthesis into the aneurysm. This
appearance is expected. Oversizing
is necessary with self-expanding
stents and endoluminal grafts to
ensure good apposition of the stent
or graft to the vessel wall.



because symptoms do not usually occur until all three
mesenteric vessels are stenotic or occluded: the celiac
trunk, the superior mesenteric artery (SMA), and the infe-
rior mesenteric artery (IMA). The stomach and upper half
of the duodenum (the foregut) are supplied by the celiac
trunk. The lower half of the duodenum, jejunum, ileum,
cecum appendix, ascending colon, and proximal two-
thirds of the transverse colon (the midgut) are supplied by
the SMA. The lower third of the transverse colon, sigmoid
colon, descending colon, sigmoid colon, rectum, and the
upper part of the anal canal (the hindgut) are supplied by
the IMA. 

Not only is there significant communication among
these three vessels, but there is also significant collateral
flow to the mesenteric circulation from other aortic branches
such as the lumbar intercostal, middle sacral, mammary,
and internal iliac arteries. Thus, the clinical syndrome of
chronic mesenteric ischemia usually develops as a result of
critical stenosis or occlusion of two or more of the celiac
artery, SMA, or IMA. Over 90% of the cases of chronic
mesenteric ischemia are owing to atherosclerosis, usually
extensions of aortic atheroma rather than intrinsic disease
of the mesenteric branches.

Abdominal pain is the most frequent symptom, with
some series reporting this manifestation in all patients
(84–86). Other symptoms include weight loss, diarrhea,
nausea, vomiting, and constipation. The abdominal pain
is usually postprandial and cramping, localized in the
epigastrium or midabdomen. Over 80% of the patients
note the relationship of pain with food intake (85,86). A
significant percentage of patients may have concomitant
coronary or peripheral vascular disease (87), so this
should be considered a risk factor for development of this
condition.

The traditional treatment for chronic mesenteric ischemia
has been surgical. Because stenosis of the mesenteric
branches is frequently focal, limited to the ostium and/or
the very proximal portion of the vessel, percutaneous,
catheter-based techniques of revascularization have been
explored and appear to be a feasible alternative to surgery
in selected patients. An analysis of 11 published studies
with 126 patients treated with balloon angioplasty (88)
revealed a mean initial technical success of 86% (range: 38
to 100%). After exclusion of technical failures, the clinical
success rate (resolution of symptoms) was 90%. At a fol-
low-up of �101 months, the primary and secondary clini-
cal success was 76% and 92%. Major complications
occurred in 6% of the patients, and the 30-day mortality
was 3%.

Endovascular stenting of the mesenteric branches
appears to be safe and effective in selective patients. We
recently reported our results of 61 patients with chronic
mesenteric ischemia treated with endovascular stent place-
ment, including 81 mesenteric arteries (47 celiac, 24 SMA , 8
IMA, 1 vein graft, and 1 common hepatic artery; 89).
Angiographic success (�30% diameter stenosis), clinical

success (angiographic success without in-hospital death or
need for surgery), and symptom relief were obtained in
98%, 97%, and 91% the patients, respectively. At a mean fol-
low-up of 35  23 months, 11 patients died. Anatomical
follow-up was obtained in 88% of the patients with CT
angiography, angiography, or ultrasound, revealing a
restenosis (�50% diameter stenosis) rate of 26% per vessel
and 43% per patient; however, only 10 patients (17%)
developed recurrence of symptoms and were successfully
treated with a second percutaneous intervention. Although
experience is still limited, catheter-based techniques of
revascularization such as balloon angioplasty with or with-
out stenting appears a promising alternative to surgical
intervention in selective patients with chronic mesenteric
ischemia.

Case 9. This 32-year-old woman, a heavy smoker, had a
9-month history of postprandial midepigastric pain with a
5-lb weight loss and bloating. She denied anorexia; how-
ever, she stopped eating to avoid the recurrence of the pain.
On examination, she was cachectic, weighing only 110 lb,
and appeared chronically ill. She had an epigastric bruit
and diminished tibial and dorsalis pedis pulses bilater-
ally. An extensive GI workup including upper and lower
endoscopy; small bowel follow-through; CT scan of the
abdomen; ultrasound of the gallbladder, liver, and spleen;
complete blood count; and serum chemistries was negative.
She was referred for abdominal aortography and selective
celiac and mesenteric angiography, performed through
brachial artery access using a 4F multipurpose catheter. The
superior mesenteric artery and inferior mesenteric artery
were occluded. Figure 34.9A demonstrates high-grade
stenosis of the celiac trunk. This lesion was crossed with a
0.014-inch angioplasty guidewire through a 6F multipur-
pose guide, and was directly stented with a 6 � 28 Guidant
balloon-expandable stent. It was postdilated with a 7-mm
balloon at 12 atm. Final angiography (Fig. 34.9B) demon-
strated no residual stenosis. The gradient was reduced from
60 mm Hg to less than 5 mm Hg. The patient’s symptoms
were immediately relieved, and 2 months later she had
regained 20 lb.

Case 10. This 49-year-old woman has a history of
chronic postprandial abdominal pain with a 40-lb weight
loss. Diagnostic angiography revealed occlusion of the celiac
and IMA, with 99% stenosis in the SMA (Fig. 34.10A). Using
a 6F multipurpose guiding catheter and a coronary angio-
plasty guidewire, the lesion was predilated with a 3.0-mm
coronary balloon, stented with a 4.0 � 25 mm coronary
stent, and postdilated with a 5.0 � 20 mm balloon. Final
angiography (Fig. 34.10B) revealed no residual stenosis. The
patient had immediate relief of her symptoms.

Illustrative Points. These are classic cases of chronic
mesenteric ischemia. The diagnosis is usually missed in the
early stages because of the myriad causes of abdominal
pain. Profound weight loss with postprandial abdominal
pain is the hallmark of this condition. Symptoms do not
usually occur unless there is stenosis or occlusion of two or
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more of the three vessels (celiac, SMA, IMA). The tradi-
tional management of this condition has been surgical,
but mesenteric ischemia lends itself very nicely to an
endovascular approach since the lesions are usually ostial
and ideal for balloon-expandable stents. Furthermore, by
the time the diagnosis is made, the patients are usually
cachectic and not ideal surgical candidates. Most patients
are treated with aspirin and clopidogrel for 3 to 6 months
post–peripheral stenting.

RENAL ARTERY ANGIOPLASTY

Renal artery stenosis is common in patients with known
coronary or peripheral atherosclerotic disease (90,91; see
also Chapters 14 and 26). In one study of 196 patients
undergoing cardiac catheterization for presumptive coro-
nary artery disease, the prevalence of significant (�50%)
renal artery disease was 18%, and when coronary artery
disease was confirmed in 152 patients, the prevalence was
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Figure 34.9 A. Angiography of
the celiac artery demonstrating
high-grade stenosis of the mid-celiac
before intervention. B. After stent-
ing, there is no residual stenosis.
The stent is placed so that several
millimeters of stent extend into the
aorta since this is an ostial lesion.

A B

Figure 34.10 A. Angiography reveals subtotal occlusion of the origin of the superior mesenteric
artery (SMA). The celiac and inferior mesenteric are occluded (not shown). B. Poststenting, there is
normal flow and no residual stenosis. 



22% (90). Some investigators have reported a �60%
prevalence of renal artery stenosis in patients with con-
comitant peripheral vascular disease and hypertension
(92). For this reason, many cardiac catheterization labora-
tories perform screening renal angiography in patients
undergoing cardiac catheterization for atherosclerotic
coronary disease, particularly if there is arterial hyperten-
sion or a baseline creatinine �1.5 mg/dL.

Significant hemodynamic obstruction of the renal blood
flow causes renovascular hypertension by activation of the
renin angiotensin system, and consequent production of
angiotensin I and II, causing systemic hypertension and
fluid retention. The diagnosis of renovascular hypertension
should be suspected in patients with onset of hypertension
�35 years and �55 years, malignant or refractory hyper-
tension, renal failure, resistant hypertension, coronary or
peripheral atherosclerosis, an abdominal bruit, or a unilat-
eral small kidney, and in patients who develop azotemia
with angiotensin-converting enzyme (ACE) inhibitor ther-
apy (93). The noninvasive test of choice for evaluating
renal artery stenosis is the renal duplex ultrasound exami-
nation (94). Captopril renal artery scintigraphy is a sensi-
tive and specific test for demonstrating unilateral renal
artery stenosis (95); however, the incidence of a false-
negative test is substantial in patients with parenchymal
disease or bilateral renal artery stenosis, which occurs in
approximately one-third of the patients. Renal vein renin
assays have been used in the past; however, many antihy-
pertensive medications such as beta-blockers may interfere
with the release of renin, and the patients need to with-
hold these medications prior to the test, making it imprac-
tical (96). MRA is used as a screening test in many centers,
although there can be falsely positive and falsely negative
findings.

Surgical revascularization of atherosclerotic renal artery
stenosis is an effective treatment for renovascular hyper-
tension (97), but carries an operative mortality of 3%
as well as complications such as bypass graft thrombosis
and nephrectomy in 4% of the cases (98,99). Percu-
taneous transluminal renal angioplasty has been recog-
nized as the treatment of choice for fibromuscular dyspla-
sia (100–102) and is an accepted treatment for selected
patients with renal artery stenosis causing renovascular
hypertension and/or renal insufficiency (100,103). However,
atherosclerotic aorto-ostial renal artery lesions are particu-
larly difficult to treat with balloon angioplasty alone
because they are prone to significant vascular recoil lead-
ing to a restenosis rate of approximately 50% over 6
months (104). On the other hand, endovascular stents can
scaffold such lesions and minimize the elastic recoil.
Several studies have shown a significantly greater acute
gain in luminal diameter and better angiographic results
with renal artery stenting compared with balloon angio-
plasty alone (105–107). In a study of 76 patients and 92
renal arteries treated with primary stenting, technical suc-
cess was obtained in 100%, with a restenosis rate at 6

months of 25% (106). Blum et al. (108) treated 74 renal
artery stenoses with endovascular stents. Technical success
was achieved in 100% of the vessels, and the restenosis
rate at 12-month follow-up was 11%. The renal function
remained unchanged in all patients, but in 62% of the
patients, there was significant improvement of blood pres-
sure and in 16% the blood pressure normalized. In one
study, balloon-expandable stents were placed in 100
patients and 133 renal arteries (109). Angiographic suc-
cess was obtained in 132 of 133 (99%) of the lesions. At
6-month follow-up, the systolic blood pressure was
reduced from 173  25 to 147  12 mm Hg (P � .001)
and the diastolic blood pressure was reduced from 88 

17 to 76  12 mm Hg (P � .001). At a mean angiographic
follow-up of 8.7  5.0 months, the restenosis rate was
19%. Renal function after stent placement showed no sig-
nificant change in serum creatinine.

Stenting for renal artery stenosis also appears to have a
beneficial effect in patients with refractory unstable angina
and congestive heart failure (110). In 48 patients with
unstable angina (n � 23) or congestive heart failure (n � 25)
who had hypertension refractory to medical therapy and
significant unilateral (n � 30) or bilateral (n � 18) renal
artery stenosis, stenting significantly improved the blood
pressure and functional class at 24-hour and 6-month
follow-up. The dramatic improvement seen in this group
of patients was independent of the concomitant perfor-
mance of a coronary angioplasty procedure.

In summary, the incidence of renal artery stenosis in
patients with poorly controlled hypertension and athero-
sclerotic cardiovascular disease ranges from 20 to 30%.
These patients should be identified at the time of diagnostic
cardiac catheterization. The treatment of renal artery steno-
sis has a dramatic impact on the hypertension control and
appears to have a beneficial effect in the treatment of refrac-
tory unstable angina and congestive heart failure. Consid-
ering the treatment alternatives for atherosclerotic renal
artery stenosis causing medically refractory hypertension
and/or renal insufficiency, stent placement is the current
treatment of choice.

Case 11. This 77-year-old female with known coronary
artery disease and angina has a history of long-standing
hypertension and diastolic dysfunction. Despite three anti-
hypertensive medications, her blood pressure was 200/95.
Her physical examination and laboratory data were nor-
mal. A color flow duplex Doppler examination suggested
unilateral right renal artery stenosis. At the time of diag-
nostic coronary angiography, renal angiography was also
performed, revealing fibromuscular dysplasia of the midright
renal artery and ostial atherosclerosis (Fig. 34.11A). Balloon
angioplasty was performed on the area of fibromuscular
dysplasia with a 5.0-mm balloon and 0.035-inch Wholey
wire. The ostium was treated with a balloon-expandable
stent (Fig. 34.11B). She was discharged the next morning
on only one antihypertensive medication with a blood
pressure of 145/70 mm Hg. 
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Illustrative Points. Fibromuscular dysplasia (FMD) is
commonly found in young adults, especially women, but
the condition can persist into later life. This interesting case
illustrates the combination of two classical lesions: athero-
sclerotic renal artery ostial stenosis and FMD of the
midrenal artery. The angiographic appearance of a corru-
gated vessel is diagnostic of FMD, and the renal artery is the
most common location for this abnormality. The finding of
fibromuscular dysplasia is not diagnostic of renovascular
hypertension, but the noninvasive screening tests and selec-
tive renal vein renin analysis also lack sensitivity and speci-
ficity for this condition. In a patient with FMD who is
hypertensive despite medical therapy, balloon angioplasty
is indicated, and the lesion usually responds to balloon
angioplasty alone, without the need for stenting. Ostial
renal artery stenosis owing to atherosclerosis does not
respond to balloon angioplasty and does require stenting.
In this hypertensive patient, both treatments were used to
treat the specific lesions that were found with clinical
success. 

Case 12. This 73-year-old man was referred for evalua-
tion and treatment of uncontrolled hypertension and
ischemic cardiomyopathy with congestive heart failure and
five hospital admissions for coronary heart failure (CHF)
over the past 12 months. His blood pressure was 179/96
on four antihypertensive medications: Diltiazem 300 mg
every day, metoprolol 200 mg every day, Cardura 2 mg
every day, and Dyazide. He underwent coronary artery
bypass surgery 12 years previously. There were no audible
abdominal bruits. His blood urea nitrogen (BUN) was 23
mg/dL and creatinine 1.4 mg/dL. Because he was unstable,
noninvasive studies were deferred and he underwent car-
diac catheterization and renal angiography. Nonselective

renal angiography was obtained with an AP abdominal
aortogram (Fig 34.12.A). This demonstrated bilateral
severe aorto-ostial renal artery stenosis and no significant
coronary artery stenoses. The left renal artery was engaged
with a 5F IMA catheter, and selective angiography was
performed. Renal artery stenting was performed using
peripheral balloons and biliary stents. The right renal
stent was dilated with a 7.0-mm balloon, and the left
renal stent with an 8.0-mm balloon. Final angiography
revealed no significant stenosis (Fig. 34.12B). The patient
remains asymptomatic without recurrent hospitalizations
on Dyazide and metoprolol 50 mg every day 5 years after
renal stenting.

Illustrative Points. As this case illustrates, not all patients
with bilateral severe renal artery stenosis have renal insuffi-
ciency or audible bruits. It also illustrates how the lesions
of renal artery stenosis are often aortic plaque that
encroaches on the renal ostia rather than plaque originat-
ing in the renal arteries themselves. Notice how diseased
the abdominal aorta is in this patient. For this reason, the
authors strongly recommend selective cannulation of the
renal arteries using a diagnostic 4F to 6F catheter rather a
larger guiding catheter to minimize the risk of distal
atheroembolism. Furthermore, as this case also illustrates,
bilateral renal artery stenosis can be easily treated at one
session using the same catheters and balloons. Given the
fact that we have an excellent low-risk treatment for ather-
osclerotic renovascular hypertension, one wonders whether it
is ethical NOT to study the renal arteries in patients with ather-
osclerosis and hypertension undergoing cardiac catheterization.

Case 13. This 62-year-old woman has a history of chronic
hypertension and back pain. Abdominal radiographs
demonstrated a calcified mass in the left abdomen, and an
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Figure 34.11 A. This patient has both atherosclerotic ostial stenosis and fibromuscular dysplasia.
The typical appearance of fibromuscular dysplasia (arrow) is a corrugation of the vessel. This is diag-
nostic of fibromuscular dysplasia, but not of renovascular hypertension. B. The corrugated appear-
ance of the vessel does not change after balloon angioplasty; however, the ostial lesion has been
successfully stented. Stenting of the fibromuscular disease is reserved for persistent hypertension
after balloon angioplasty.



ultrasound confirmed the presence of a left renal artery
aneurysm (Fig. 34.13A) and bilateral renal fibromuscular
dysplasia. She was referred for endovascular therapy. In
collaboration with neuroradiology, the left renal artery
aneurysm was treated first using coiling techniques that
are familiar to neuroradiologists. A 6F hockey stick guid-
ing catheter was placed in the ostium of the left renal
artery. A 0.014-inch floppy hydrophilic wire was placed in
the body of the aneurysm and a Transit catheter was
advanced into the aneurysm body. Multiple long hydro-
philic coils (HydroCoils) were deployed through the tran-
sit catheter (20 mm � 20 cm, 18 � 20 cm, 14 � 20 cm) to
obliterate the aneurysm sac. The FMD in the main renal
artery branches was then dilated with a 6.0-mm balloon,

and a Magic Wallstent was placed across the aneurysm
neck to keep the coils in place. The FMD in the contralat-
eral renal artery was also dilated with a balloon alone. At
18 months, she remains off antihypertensive medications
and has had no enlargement of her aneurysm. 

Illustrative Points. The surgical treatment of renal artery
aneurysms is nephrectomy. Although there are no large,
randomized, prospective trials since this condition is
rather rare, it makes sense to try to preserve renal function
whenever possible, especially in patients with bilateral dis-
ease. Collaboration with other specialties, in this case neu-
roradiology, is essential in planning such a case because
they are the true experts when it comes to treating small
vessel aneurysms nonsurgically.

774 Section VIII: Profiles of Specific Disorders

A B

Figure 34.13 A. One of the unusual manifestations of fibromuscular dysplasia (FMD) is aneurysm
formation as shown by the arrow. This aneurysm is well within the parenchyma of the kidney. B. After
coiling, the aneurysm no longer fills with blood or contrast.
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Figure 34.12 A. Bilateral aorto-ostial renal artery stenosis (arrows) as demonstrated by cinean-
giography at the time of cardiac catheterization. Notice the diffuse atherosclerotic involvement of
the infrarenal aorta. B. Aortogram of the same patient immediately after bilateral stent implantation.



AORTOILIAC ANGIOPLASTY 

Angioplasty has proved to be an effective technique for the
treatment of aortoiliac occlusive atherosclerotic disease.
Nevertheless, angioplasty should be performed only in
symptomatic patients (111), or in patients with aortoiliac
arterial occlusive disease prior to insertion of an intra-aor-
tic balloon pump for high-risk coronary revascularization
procedures or cardiogenic shock (112). The ideal candi-
dates for aortoiliac angioplasty are patients with discrete
stenosis. The technical success and 5-year patency rate of
iliac angioplasty are related to many factors, including
lesion length, adequacy of distal runoff, presence of occlu-
sion or stenosis, and presence of diabetes (113–115). Based
on this, the American Heart Association, in the Guidelines
for Peripheral Percutaneous Transluminal Angioplasty of
the Abdominal Aorta and Lower Extremity Vessels (111),
stratified lesions according to the degree of complexity.
Category 1 iliac lesions are concentric uncalcified stenoses
�3 cm long. Category 2 lesions are calcified stenoses 3 to
5 cm long or eccentric stenoses �3 cm long. Category 3
lesions are stenoses 5 to 10 cm long or occlusions �5 cm
long after thrombolytic therapy. Category 4 lesions are
stenoses �10 cm long, occlusions �5 cm, extensive bilat-
eral disease, or iliac stenoses in patients with abdominal
aortic aneurysms. Although some consensus panels recom-
mend that category 4 lesions should be treated surgically,
there are very little data to support this recommendation,
and in experienced hands even the most complex iliac
lesions can be treated with interventional techniques. The
overall technical success for categories 1 and 2 lesions is
95%. The 5-year patency rate is 80 to 85% for categories 1
to 2 lesions compared with a patency of 65 to 75% for cat-
egory 3 lesions. A very similar classification applies for aor-
tic lesions with a technical success of aortic angioplasty
90% for category 1 (�2 cm [111]).

Endovascular stents have been introduced in the treat-
ment of aortoiliac atherosclerotic disease in an attempt
to overcome the acute procedural complications such as
abrupt occlusion and long-term restenosis rate. Several
studies have suggested that the procedural success with
these devices is as high (or higher) and the restenosis
rate lower than balloon angioplasty alone (116–119).
However, comparative studies between these two catheter-
based approaches are scarce in the literature. Bosh et al.
(120) performed a meta-analysis of six percutaneous
transluminal angioplasty (PTA) studies (1,300 patients)
with eight stent placement studies (816 patients). The
technical success was higher for the stent patients (96%
versus 91%, P � .05). The complication and mortality rates
were similar for the two groups. The 4-year primary
patency rate for stenosis (77% versus 65%) and occlusions
(61% versus 54%) in patients with claudication was statis-
tically higher in the stent-treated group. The 4-year pri-
mary patency rate for stenosis (67% versus 53%) and
occlusions (53% versus 44%) in patients with critical

ischemia was also statistically higher in patients treated
with endovascular stents.

Until large prospective randomized trials comparing
PTA versus stenting are available, whenever possible stent-
ing should be the treatment of choice for aortoiliac arterial
occlusive disease with surgery reserved for those patients
who are not candidates for intervention. 

Case 14. This 77-year-old hypertensive man com-
plained of bilateral lower extremity fatigue with exercise
and can walk less than 100 ft before stopping. He also
complained of calf claudication. Resting relieved his symp-
toms. He also had severe hypertension. His examination
was remarkable for diminished bilateral femoral and lower
extremity pulses. His ankle-to-brachial index (ABI) was 0.5
bilaterally, and his BUN and creatinine were normal.
Angiography revealed severe bilateral common iliac stenoses
with extensive collaterals (Fig. 34.14A) and bilateral renal
artery stenosis. 

Bilateral common femoral artery access was obtained,
and the lesions were crossed with hydrophilic guidewires.
Two 35-cm-long 6F sheaths were advanced across the
lesions bilaterally, and both common iliac arteries were
dilated simultaneously with 7 � 40 mm balloons. Stents
were then deployed, using 7 � 40 mm balloon-expandable
stents bilaterally. Following this, the renal arteries were
also stented with balloon-expandable stents.

Illustrative Points. This case is an example of the systemic
nature of atherosclerosis and how a global approach to the
diagnosis and management of these patients is important
for providing optimal care. The iliac arteries are treated first
to preserve vascular access for the other procedures. The
renal arteries were treated at the same time; however, staging
of these procedures is also a very reasonable choice, espe-
cially if the patient has renal insufficiency. Furthermore, this
case demonstrates how valuable it is for cardiologists to pos-
sess the knowledge and skill to perform iliac intervention to
prevent iliofemoral complications and to preserve access for
peripheral, renal, and coronary intervention. Iliac stenting
can be performed safely in patients before undergoing intra-
aortic balloon counterpulsation during coronary interven-
tion (112). It is important that the stent be well expanded to
prevent the balloon catheter from catching on the stent. 

FEMOROPOPLITEAL AND PROFUNDA
FEMORIS ANGIOPLASTY

Femoropopliteal Angioplasty

Atherosclerotic occlusive disease is three to five times more
common in the femoropopliteal artery than in the iliac
artery. Among the femoropopliteal artery, occlusions are
three times more frequent than stenosis, a distribution that
is reversed in the aortoiliac system (121,122). Furthermore,
most occlusions are long, which often precludes the use of
angioplasty in many of these patients (121).

Chapter 34: Aortic and Peripheral Vascular Disease 775



Only symptomatic patients must be considered for per-
cutaneous revascularization of the femoropopliteal artery
(111). As is the case for the aortoiliac system, the technical
success and the long-term patency rate vary according to
the lesion characteristics. Treatment of short occlusions
(�5 cm) and/or stenoses yield better results than treat-
ment of long stenoses (�10 cm) and occlusions (111). The
presence of patent runoff vessels correlates with long-term
benefits, reflected in the improved outcome in patients
with milder symptoms (114,123,124). Significant residual
stenosis after angioplasty correlates with a poor long-term
outcome (124), and absence of diabetes correlates with an
improved patency rate (111). 

In a study of 236 patients who underwent conventional
balloon angioplasty in 254 femoral or popliteal arteries,
procedural success was obtained in 96% (123,125). At
1-month follow-up, 88.8% of the procedures were consid-
ered successful (determined by an improved clinical grade
and noninvasive vascular laboratory measurements). The
success rate was 62.5% at 1-year follow-up and only 38%
at 4-year follow-up. In this study, the most important
independent predictors of long-term success, using multi-
variate analysis, were adequate distal runoff and lesion
stenosis (rather than occlusion). Adar et al. (126) reviewed
several published studies and found an early patency rate
of 89% with a 3-year patency rate of 62% for patients
with intermittent claudication compared with an early
patency rate of 77% and a 3-year patency rate of 43% for
limb salvage.

Although the long-term patency rate of femoropopliteal
angioplasty is not as favorable as in PTA of the aortoiliac

system, particularly when treating long or occluded lesions,
percutaneous revascularization is an alternative to surgery in
selected patients or may complement surgical treatment in
patients with more extensive disease. In contrast with the
favorable impact of endovascular stents on patency rate in
the aortoiliac system, these devices have not shown to
improve the late patency rate when implanted in the
femoropopliteal system. A European prospective study
(127) showed that conventional femoropopliteal PTA has a
1-year primary patency rate (65%) equivalent to that of
femoropopliteal Wallstent secondary patency rate (69%). In
this study, early clinically significant restenosis was 38% and
early thrombosis was 19% in the stent group. Another large
prospective U.S. study showed similar lack of benefits with
stents (128). On the other hand, the use of IntraCoil stents
for significant stenoses of the femoropopliteal arteries
appears promising. A pilot study of 93 patients with stenosis
or occlusion (29%) of these vessels showed a 9-month tar-
get vessel revascularization of 82% (Fig. 34.15; 129).
Likewise, a recent prospective randomized trial of drug-
eluting, self-expanding coated stents with sirolimus for
femoropopliteal stenosis showed significant inhibition of
intimal proliferation compared with noncoated stents at
6-month follow-up (130). The preliminary, unpublished
results of these drug-eluting femoral stents at 9 and 12
months are disappointing, however. Because no studies
have shown a clear advantage of stent placement over con-
ventional balloon angioplasty in the femoropopliteal sys-
tem, most experts recommend that stents should be reserved
for cases of suboptimal results, flow-limiting dissection, or
abrupt occlusions after balloon angioplasty. 
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Figure 34.14 A. Severe bilateral common iliac stenosis with collaterals from the inferior mesen-
teric artery (IMA) and lumbar arteries to the right internal iliac. B. Poststenting with balloon-expand-
able stents. Notice the absence of collaterals and persistent filling of the right internal iliac artery.



Case 15. This 79-year-old woman with multiple sclero-
sis was referred with nonhealing ulcers in her right lower
extremity, which she uses to transfer from wheelchair to
bed. She was scheduled for amputation, but came for a sec-
ond opinion. Her ABI was 0.4, and she had faint Doppler
signals in both tibial arteries. Angiography revealed SFA
occlusion with patent tibial vessels. She was scheduled for
recanalization of the chronically occluded SFA, for limb
salvage. 

Access was obtained in the left common femoral artery
(CFA) with a crossover 6F sheath using an extra-stiff Glidewire
for support. Angiography was performed revealing an occlu-
sion of the right SFA (Fig. 34.16 A and B). The lesion was
crossed with a glide catheter and a straight and angled extra-
stiff Glidewire. Balloon dilation failed to restore flow, so
three self-expanding nitinol stents were deployed in a stag-
gered manner and dilated with a 6 � 100 mm balloon. This
restored normal flow to the lower extremity and foot. She
successfully had limb salvage.

Illustrative Points. Most patients with SFA disease pre-
sent with claudication. This patient was asymptomatic
except for trauma to her legs that led her to have nonheal-
ing ulcers. The decision to amputate is a difficult one; how-
ever, if a patient still uses her leg to walk or transfer from
wheelchair to bed, then limb salvage is justified. The long
length of stents in this SFA mandates close follow-up with
duplex ultrasound and long-term aspirin and clopidogrel.
There is no demonstrated role for platelet glycoprotein
inhibitors at this time. 

Profunda Femoris Artery Angioplasty

The profunda femoris artery (PFA) is an essential vessel for
maintaining limb patency when occlusive atherosclerotic
disease affects other vascular territories of the same limb.
The profunda femoris artery not only provides the primary
blood supply to the tissues of the thigh, but is also the
most important collateral vessel for bypassing an obstructed
or occluded superficial femoral artery (131–134). Histor-
ically, significant occlusive disease of the PFA has been
treated surgically. However, atherosclerosis of the PFA is
usually focal, preferentially involving the origin and the
very proximal portion of the vessel in most limbs (135),
making a percutaneous catheter-based approach an attrac-
tive alternative to surgical profundoplasty.

There are a handful of studies in the literature that have
suggested that balloon angioplasty is a feasible alternative to
surgery in selective patients (136–139). In a study from our
institution (140), PFA balloon angioplasty was performed
in 31 patients and 32 limbs with severe ischemia (41%
had Fontaine class 2B, and 59% had Fontaine class 3 or 4).
The superficial femoral artery was occluded in 20 limbs
(62%). In 22 limbs (69%), an additional vessel was treated.
Procedural success was attained in 91% of the limbs. The
ABI increased from 0.5  0.2 at baseline to 0.73  0.2 after
intervention (P � .01). In-hospital limb salvage in 30 sur-
vivors was 94% and the in-hospital amputation-free and
revascularization-free survival was 90%. At a mean follow-
up of 34  20 months, no patients underwent amputation
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Figure 34.15 A. Long occlusion of the
right superficial femoral artery before
intervention (arrows). B. Reconstitution of
the distal superficial femoral artery (SFA)
via collaterals from the profunda or deep
femoral artery. C. Following recanalization
and stenting (arrows), there is a widely
patent lumen.

A B C



and five additional patients died. Freedom from revascular-
ization of the 25 survivors was 88%. At follow-up, 88% had
Fontaine class 1 or 2A , and only 12% had Fontaine class 2B
or 3 (P � .001 compared with baseline). Based in our results
as well as previous studies, we conclude that percutaneous
revascularization of the profunda femoris artery is a safe and
effective alternative to surgical treatment.

Case 16. This 65-year-old woman with coronary artery
disease, bilateral carotid endarterectomy, and bilateral
renal artery stenting presents with a 1-year history of pro-
gressive, Fontaine class 2B claudication in both lower
extremities, worse on the left. She has known chronic bilat-
eral SFA occlusion. The femoral pulses were normal, but
the tibial pulses were weak and monophasic on the right
and absent on the left. The ABI was 0.3 on the right and
not obtainable on the left. Angiography performed at the
referring institution revealed occlusion of the proximal SFA
and serial high-grade stenoses of the left profunda femoris
(Fig. 35.17A). Using contralateral retrograde femoral
access, a 6F contralateral sheath was advanced to the left

external iliac artery. Baseline angiography was performed,
and the lesion was crossed with a 0.035-inch Wholey wire;
however, a 4 � 20 mm balloon could not be advanced
across the lesions. The wire was exchanged for a floppy
rotablator wire, and rotational atherectomy was performed
on all three profunda femoris lesions using a 1.75-mm fol-
lowed by a 2.25-mm burr (see Chapter 23). The lesions
were then dilated with the 4 mm � 2 cm balloon at 6 atm.
Postangioplasty angiography demonstrated a widely patent
profunda femoris, and the ABI increased to 0.4 on the left
(Fig. 35.17B). The patient was discharged with relief of his
claudication the following morning. 

Illustrative Points. The two most important arteries for
maintaining a viable leg are the common femoral artery
and the profunda femoris. The SFA is often occluded; how-
ever, in the presence of a patent profunda, the limb usually
remains viable. In patients with chronic SFA occlusion and
lesions of the common femoral or profunda, revasculariza-
tion of these vessels can restore the patient to his or her pre-
vious mild level of symptoms even without revascularizing
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Figure 34.16 A. Severe, diffuse atherosclerotic involvement of the infrainguinal vessels. The
superficial femoral artery (SFA) is occluded, and the profunda femoris is diffusely diseased.
Involvement of the profunda femoris is typical in patients with long-standing diabetes. B. After rota-
tional atherectomy and balloon angioplasty, an excellent angiographic result.
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the chronically occluded SFA. This case also demonstrates
that the use of coronary equipment and techniques can
permit peripheral angioplasty success in otherwise undilat-
able lesions. Another option in this patient would have been
to use coronary wires and balloons to cross and dilate the
lesions; however, by debulking the lesions with rotablator in
patients with lower extremity ischemia, it is easier to
achieve an acceptable balloon result with lower pressure
and less risk of dissection. The acute clinical success and
limb salvage rate using the rotablator for undilatable
lesions is �90%.

Common Femoral Artery Angioplasty

Atherosclerotic obstructive disease of the common femoral
artery (CFA) is an infrequent clinical problem. This may be
owing to an infrequent occurrence of this condition and/or
to a low rate of detection of peripheral athero-occlusive
disease (141–143).

Traditionally, surgical endarterectomy with or without
patch angioplasty has been the preferred technique for CFA
revascularization (144–147). Percutaneous revasculariza-
tion of the CFA has rarely been described in the literature
(148). We recently reported our experience of percuta-
neous transluminal intervention in 20 consecutive patients
(21 limbs) with CFA lesions causing symptomatic limb
ischemia (149). In 12 limbs, concurrent additional percu-
taneous intervention proximal or distal to the target CFA
lesion were performed. Angiographic success was obtained
in 100%, with procedural success (angiographic success

without a major in-hospital complications) in 90% and
clinical success (procedural success and in-hospital
improvement by at least one Fontaine functional class) in
81% of the limbs. The in-hospital Fontaine class improved
by at least one functional class in 17 of 19 patients (90%),
and the overall in-hospital event-free survival was 90% (18
of 20 patients). At follow-up (11.4  6 months), the over-
all event-free survival was 90% (18 of 20 patients), and 17
of 19 patients (89%) continue to show improvement by at
least one functional (Fontaine) class.

Case 17. A 66-year-old man with a history of coronary
artery disease (CAD), coronary artery bypass graft (CABG),
hypertension, and peripheral vascular disease with iliac
bifurcation stenting and known bilateral SFA stenosis pre-
sented with severe left lower extremity claudication at 50 ft
that was symptom limiting. His femoral pulse was normal,
but his popliteal and tibial pulses could be detected only by
Doppler, with an ABI of 0.3 on the left. Because of the iliac
bifurcation stents, access was obtained through the brachial
artery. Abdominal angiography revealed critical stenosis in
the left common femoral artery with SFA occlusion (Fig.
34.15A). Angulated views were obtained using digital sub-
traction angiography (DSA). A 90 cm long � 6 cm sheath
was inserted via the brachial artery into the abdominal aorta.
Through this sheath, a 6.0 � 20 mm balloon and extra-stiff
Glidewire were used to cross and dilate the lesion in the left
CFA. The angiographic result of this PTA was excellent (Fig.
34.15B) and there was no gradient, so stenting was deferred.
Hemostasis was obtained manually, and the patient was dis-
charged in 6 hours without claudication.
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Figure 34.17 A. Critical stenosis
in the left common femoral artery
with moderate superficial femoral
artery (SFA) origin stenosis at base-
line. B. Postintervention, excellent
filling of both the SFA and profunda
with no persistent angiographic
stenosis.



Illustrative Points. Reports of atherosclerotic disease of
the CFA and the treatment options available are uncom-
mon in the literature (148). However, the recognition and
management of CFA lesions is critical for the invasive/inter-
ventional cardiologist because this is the most commonly
used site for vascular access. 

Vascular insufficiency was confirmed at the office with an
abnormal ABI, and the diagnosis of CFA stenosis was made
at the time of angiography. The stenosis was treated success-
fully with PTA alone, and stenting was avoided. Stenting is a
last resort in the CFA because of its necessity as a site for vas-
cular access, as well as concerns regarding flexion of the
joint, stent fracture, and the durability of vessel patency after
percutaneous intervention. For this reason, we advocate the
use of endovascular stents only after failed balloon angio-
plasty (provisional stent placement). Although obstructive
disease of the CFA may occur as an isolated finding, it more
frequently occurs in association with disease of other vascu-
lar territories, particularly the superficial femoral artery. 

INFRAPOPLITEAL ANGIOPLASTY

The traditional indications for infrapopliteal angioplasty
have been ischemic rest pain, ischemic ulceration, or gan-
grene (111). However, severe claudication that prevents
minimal ambulation and patients with moderate to severe
claudication undergoing femoropopliteal PTA have been
advocated by some investigators as acceptable indications
(150–154). It is possible that with the advent of small-
profile balloons, improvement in technique, and increased
operator experience, the use of tibial angioplasty will not
be limited to the above-mentioned indications.

Some centers have reported tibial angioplasty to be an
integral component in the treatment of limb salvage, which
has led to a dramatic decrease in the amputation rate
(152,153). Dorros et al. (151) reported an acute clinical
and lesion success rate of 95% and 91% in 417 cases with
critical limb ischemia or claudication. Significant compli-
cations (death, emergent bypass surgery, distal emboliza-
tion, compartment syndrome, or amputation) occurred in
3%. At hospital discharge, 96% of their patients were clini-
cally improved. The same investigators reported the long-
term outcome of 284 critically ischemic limbs (154). The
in-hospital clinical success (relief of rest pain or improve-
ment of blood flow) was 95%. At the 5-year follow-up,
clinically 91% of the limbs were salvaged, 8% required
bypass surgery, and 9% required significant amputation.
Hanna et al. (155) reported their results of infrapopliteal
PTA for limb salvage in 29 diabetic patients. Technical suc-
cess (�20% residual stenosis) was achieved in 26 patients
(90%), and clinical success (avoidance of amputation and
achievement of wound healing) at 12-month follow-up
was obtained in 23 patients (79%).

Balloon angioplasty of the infrapopliteal vessels is an
effective technique for treating patients with distal athero-

sclerotic occlusive disease. It has been used mainly in
patients with limb-threatening ischemia and multisegment
disease. Appropriate anatomic selection is a key factor in
maximizing the benefit of the technique.

Case 18. This 65-year-old man with a 100-pack-a-year
smoking history presented with a nonhealing ulcer of the
second digit on his left lower extremity. He denies trauma
to this extremity. He has a past history of severe coronary
artery disease and peripheral vascular disease and had
undergone bilateral SFA angioplasty 7 years earlier for
symptom-limiting claudication. At that time, he had an
80% stenosis of his left tibioperoneal trunk, but this was
not treated because his claudication was relieved by treat-
ment of the SFA lesions alone. His ABI was 0.4 on the
left, 0.8 on the right. Right common femoral access was
obtained, and a pigtail catheter was used to perform bilat-
eral aortography and runoff using digital subtraction and
stepping of the table. Selective left lower extremity angiog-
raphy was performed from the contralateral access using
an IMA catheter and a Glidewire, demonstrating critical
stenosis in the tibioperoneal trunk and occlusion of the
posterior and anterior tibial vessels with single-vessel per-
oneal runoff (Fig. 34.18A). The IMA catheter was exchanged
over an extra-stiff wire for a 6F multipurpose coronary
guiding catheter, which was advanced to the distal popliteal
artery. The lesions were crossed and dilated using a 0.014-
inch extra-support wire and a 3.0 mm � 4.0 cm coronary
balloon. Provisional stenting with a 3.0 � 8 mm coronary
balloon-expandable stent was performed because of a sub-
optimal balloon result (Fig. 35.18B). The final angiogram
revealed an excellent angiographic result (Fig. 35.18C).
The patient was discharged on aspirin, clopidogrel, and
antibiotics and follow-up at weekly intervals until he had
complete healing of his ulcer. His ABI improved to 0.9 on
the left. He continues to smoke, but now can walk to the
store to buy cigarettes.

Illustrative points. The primary indication for tibial
angioplasty in chronic lower extremity ischemia is critical
limb ischemia, defined as rest pain, nonhealing ulcers, or
gangrene. As this case demonstrates, critical limb ischemia
requires stenosis or occlusion of all three infrapopliteal
vessels, unlike coronary artery disease in which single-vessel
involvement can cause severe symptoms or even death. In
some centers with excellent results, tibial intervention is
also offered to patients with severe claudication, but this is
not the norm. Typically, claudication improves with treat-
ment of the proximal stenoses (i.e., iliac and femoral)
even in the presence of untreated severe tibial disease, as
was illustrated by this man’s course 7 years ago. Once crit-
ical limb ischemia is present, the interventionist and sur-
geon both attempt to provide pulsatile flow to the extrem-
ity, since the chances of healing are very low in the
absence of pulsatile flow. The introduction of low-profile
coronary systems into the periphery has greatly improved
the success rate of infrapopliteal intervention. Stenting is
not performed routinely in these lesions, but a prudent
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strategy of provisional stenting with antiplatelet therapy
appears to be beneficial in cases such as this one. The sur-
gical procedure of choice for critical limb ischemia is a dis-
tal vein bypass, which has a limb salvage rate of 70% and
a 5-year patency of �50%. The important goal here is to
heal the ulcer. Restenosis, if it occurs, may in fact be
asymptomatic and does not require treatment. The role of
drug-eluting stents in this location, while promising, has
not been defined.

PERCUTANEOUS TREATMENT OF
ACCESS SITE COMPLICATIONS

Access site complications are the most common compli-
cation of percutaneous intervention and include dissec-
tion, thrombosis, abrupt occlusion, rupture, bleeding, and
pseudoaneurysm. The most serious of these complications,
retroperitoneal bleeding and acute limb ischemia, are also
life threatening (see Chapter 3). The following cases will
illustrate how these complications can be managed percu-
taneously (156). Bear in mind, however, that in the hands
of the inexperienced operator, these treatments may not be
technically possible, so vascular surgery consultation or

referral to an experienced interventionist may be prudent
and necessary.

Case 19. This 64-year-old woman underwent uncom-
plicated percutaneous coronary intervention from the left
common femoral artery (CFA) after failed right CFA access
owing to inability to pass the guidewire up the external
iliac. Four hours post-PCI, she was noted to be hypotensive
and diaphoretic. Examination revealed a pulse of 90 bpm,
cool clammy extremities, and fullness, guarding, and ten-
derness in the right lower quadrant (RLQ). The left lower
quadrant (LLQ) and left CFA access sites were unremark-
able. A clinical diagnosis of retroperitoneal hemorrhage
was made and manual compression was applied. Her ACT
was normal, and she had not received IIb/IIIa inhibitors.
She was taken urgently back to the catheterization labora-
tory for angiography and intervention. 

Angiography from the left common femoral artery with
an IMA catheter across the aortic bifurcation revealed bleed-
ing at the right external iliac/common femoral artery junc-
tion, the aborted access site (Fig. 34.19A). An extra-stiff
0.035-inch guidewire was placed in the right SFA, and a
contralateral 6F Sheath was inserted. The bleeding site was
tamponaded internally with an 8 � 40 mm balloon at 4 atm.
Despite several long inflations of 5 minutes each, the
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Figure 34.18 A. Single-vessel peroneal patency with high-grade stenosis in the tibioperoneal
trunk. B. Because of a suboptimal percutaneous transluminal angioplasty (PTA) result, a balloon-
expandable stent is deployed. C. Completion angiogram showing excellent angiographic result.
Digital subtraction angiography (DSA) is a very useful technique when doing tibial intervention.



bleeding continued. A 9 � 30 mm Wallgraft was deployed
across the bleeding site in the distal external iliac and CFA
without a sheath by using bony landmarks and roadmap-
ping features (Fig. 34.19B). Angiography demonstrated ces-
sation of bleeding. Hemostasis in the left CFA was obtained
with a closure device. She was treated with clopidogrel and
aspirin for 6 months. There were no sequelae.

Illustrative Points. This case demonstrates the quickest,
and in our opinion, the optimal way to manage vascular
access bleeding. The diagnosis of retroperitoneal bleeding
is a clinical one and usually does not require CT scanning.
“Ramee’s Triad” of ipsilateral lower quadrant fullness, tender-
ness, and guarding in a patient with hypotension postangiography
is diagnostic of retroperitoneal bleeding. The initial manage-
ment of the patient includes manual compression over the
common femoral puncture site and evaluation of the
patient’s hemostatic competence (ACT, prothrombin time
(PT) if on warfarin, and platelet count). The most critical
question is, “How can you tell if the bleeding has stopped?”
CT scanning does not give you this information, and

duplex scanning also cannot tell the difference between
free bleeding and a pseudoaneurysm, or contained
bleeding. In the hypotensive patient, we recommend return to
the angiography suite if a skilled peripheral interventionist is
available to use a combination of balloon inflation, thrombin
injection, and/or stent graft deployment to manage hemor-
rhage. In a center without skilled peripheral interventionists,
manual compression and urgent surgical consultation are
warranted.

Case 20. The patient is a 60-year-old man with a previ-
ous aortobifemoral bypass (AFB) graft who had diagnostic
coronary and carotid angiography at a community hospital
with manual compression of the CFA and was transferred
to our institution for carotid stenting. On presentation, he
complained of a cold, painful right lower extremity since
the diagnostic angiogram 3 days earlier. On examination,
he had ecchymosis without hematoma over the right groin
and an absent pulse. Doppler exam revealed an absent
common femoral pulse and monophasic Doppler signals
in the feet. Duplex ultrasound confirmed our suspicion
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Figure 34.19 A. Site of bleeding is identified (arrow) by using digital subtraction angiography
(DSA). A small amount of visible extravascular bleeding correlates with severe, life-threatening hem-
orrhage. B. Deployment of a Wallgraft just above the femoral head. C. Site of bleeding (arrow) is no
longer visible after Wallgraftdeployment. 



that he had occluded the right limb of his aortobifemoral
graft. Angiography was performed from the left brachial
artery with a diagnostic catheter (Fig. 34.20A) demonstrat-
ing occlusion of the proximal right limb of the AFB graft. 

The occlusion was traversed with an extra-stiff Glidewire
and multipurpose catheter. An extra-support coronary
guidewire was placed in the distal profunda, over which a
coronary AngioJet rheolytic thrombectomy catheter (see
Chapter 23) was inserted through a coronary multipurpose
guiding catheter. Figure 34.20B demonstrates DSA of the
high-grade stenosis that remains at the CFA and in the graft
itself after thrombus removal. These lesions were dilated
and stented, resulting in normalization of the pulse in the
lower extremity and relief of the ischemia (Fig. 34.20C).

Illustrative Points. One cannot overemphasize the necessity
of checking pulses postprocedure. This patient suffered an
iatrogenic complication that was not recognized, despite
his complaints, that was life and limb threatening. The
mortality from acute limb ischemia is 20%. The cause of the
complication was placement of a catheter across a critical
but occult common femoral stenosis, leading to stasis dur-
ing the procedure and thrombosis during manual com-
pression. Although this complication may not be pre-
ventable, it is treatable by either mechanical thrombectomy
(as in this case) or surgical thrombectomy with or without
patch angioplasty or bypass. Remember that when acute limb
ischemia happens after a catheter-based procedure, there is usu-
ally an underlying vascular stenosis that becomes occluded

during the procedure or during hemostasis. Unless this stenosis is
relieved, recurrent thrombosis will occur.

Case 21. A 60-year-old man underwent PCI followed
by suture closure of the common femoral access site. Forty-
eight hours later, he returned with complaints of right
lower extremity weakness and claudication. His pulses had
been normal pre-PCI, and his CFA was normal on preclo-
sure angiography. Post-PCI, his pulses were noted in the
medical record to be diminished but present. On examina-
tion, he had absence of his right common femoral and tib-
ial pulses, which were monophasic by Doppler. Color flow
Doppler demonstrated subtotal occlusion of the right CFA. 

The preliminary diagnosis was acute common femoral
artery occlusion, so the patient underwent emergent
angiography via the left common femoral artery using a
6F IMA diagnostic catheter (Fig. 34.21A). The lumen is
narrowed and irregular with a filling defect. This appear-
ance may represent dissection or suturing of the poste-
rior wall to the anterior wall of the lumen. The lesion
was crossed with difficulty with an angled hydrophilic
0.035-inch wire and 6 � 20 mm PTA balloon through a
6F crossover sheath. Despite multiple balloon inflations,
the appearance never changed, so an 8 � 29 mm Wallstent
was deployed, positioned so it would be below the
inguinal ligament. It was dilated to 14 atm, and angiogra-
phy demonstrated no residual stenosis (Fig. 34.21B).
Hemostasis was obtained with a suture closure device in
the left CFA.
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Figure 34.20 A. Occluded right-sided limb of the aortobifemoral graft. B. After mechanical
thrombectomy, multiple high-grade stenoses remain in the graft and native vessel (arrows). C. Post-
PTA and stenting, a widely patent graft and viable lower extremity.



Illustrative Points. Abrupt occlusion can occur regard-
less of one’s choice of access site hemostasis, as these two
cases (i.e., cases 20 and 21) illustrate. The importance of
postprocedure evaluation of the peripheral pulses again
cannot be underestimated. When dealing with suture-
based or collagen-based occlusions, one must keep in
mind that in addition to dissection and thrombosis, one
must also consider suturing of the posterior wall (as in
this case) or intravascular deployment of collagen. The
operator in this case attempted PTA alone repeatedly
without success before placing a stent, because the CFA is
a site of extreme mobility and stent fracture is always a
possibility. The placement of the stent below the inguinal
ligament rather than across it will minimize the long-
term risk of stent fracture in this case. Repeat access in this
patient’s stented right CFA is possible, but will require a
high CFA stick, preferably with fluoroscopic guidance.
The surgical alternative, open repair of the vessel, is asso-
ciated with more acute morbidity, but the long-term out-
come of each has not been compared. The placement of a
stent does not compromise surgery at this site, as such
stents are easily removed if subsequent operation is
required.

Case 22. This 67-year-old man underwent diagnostic
angiography with manual compression for hemostasis 3 days
prior to presentation with a painful swelling at his access
site. Physical examination revealed an exquisitely tender,
pulsatile mass over the right CFA with ecchymosis. Duplex

ultrasound confirmed the presence of a right CFA pseudo-
aneurysm (PSD). The patient was scheduled for elective
PCI of his coronary with percutaneous closure of the PSD.
Using left CFA access, angiography was performed using a
6F crossover sheath with 30° of right anterior oblique
(RAO) angulation, demonstrating the angiographic
appearance of a PSD (Fig. 34.22A). The PSD sac was
entered percutaneously perpendicular to the skin with the
18-gauge needle used for access and roadmapping tech-
nique. When pulsatile flow appeared through the needle, a
syringe of contrast was injected to confirm the location in
the PSD sac (Fig. 34.22B). A tuberculin syringe with 1,000
U thrombin USP in one mL of saline was attached to the
needle and injected very slowly. Interval angiography was
performed until the PSD was obliterated. Total thrombin
injected was 400 U or 0.4 mL, and procedure time was 10
minutes. The patient was then heparinized and PCI was
successfully performed. 

Illustrative Points. The arterial pathology of access site
bleeding and pseudoaneurysm are the same: a hole in
the artery from the sheath. The only difference in the two
is that in the PSD the connective tissue surrounding the
artery has contained the bleeding, whereas in hemor-
rhage, the bleeding continues. Ultrasound-guided throm-
bin injection has been shown to be effective in treating
PSD, and in patients who are not undergoing additional
angiographic procedures, is our preference (156).
Whether using duplex ultrasound or fluoroscopy, it is
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Figure 34.21 A. The site of
occlusion is where the Perclose was
deployed. This appearance may
indicate dissection or suturing of
the posterior wall of the vessel to
the anterior wall. B. After stent
deployment, limb viability is pre-
served.



critical to document proper placement of the needle and
to inject the thrombin very slowly to avoid intravascular
injection and acute limb ischemia. Manual compression
has been abandoned because it causes severe pain and is
unreliable. Surgery is rarely needed and reserved for
refractory cases. 
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A
AAA. See Abdominal aorta aneurysm (AAA)
Abciximab, 61–63

dose, 65t
for PCI, 61

Abciximab Before Direct Angioplasty and
Stenting in Myocardial Infarction
Regarding Acute and Long-term
follow-up (ADMIRAL), 62

Abdominal aorta, 263–264, 582–592
access, 585
anatomy of, 263
balloon inflation, 586
complications, 586
diagnostic angiography, 585–586
periprocedural care, 586
renal arteries, 582–583
stent deployment, 586

Abdominal aorta aneurysm (AAA), 582
Abdominal aortic disease

clinical manifestations of, 263–264
Abdominal aortography, 257f, 261f, 264
ABI. See Ankle brachial index (ABI)
Ablative laser techniques, 476–480

calcified lesions, 479–480
catheter delivery systems, 477
in-stent restenosis, 480
laser generation, 476
laser-tissue interactions, 476–477
procedure, 478
pulsed excimer laser, 477f
results, 478
total occlusions, 479
undilatable lesions, 478–480

ACC. See American College of Cardiology
(ACC)/American Heart Association
(AHA)

Access site complications
percutaneous treatment of, 781–785

Accreditation Council for Graduate
Medical Education (ACGME)

training guidelines, 10
Acculink for Revascularization of Carotids

in High Risk Patient, 578
Acetylcholine, 216
Acetylcysteine, 54

dose, 68t
Acetyl salicylic acid (ASA)

allergic reactions to, 57
for cardiac catheterization, 55–56
guidelines for, 57

ACGME. See Accreditation Council for
Graduate Medical Education
(ACGME)

ACIP. See Asymptomatic Cardiac Ischemia
Pilot (ACIP)

ACS Multi-Link Stent Clinical Equivalence
in De Novo Lesions Trial
(ASCENT), 503t

Acute aortic dissection
aortic fenestration, 572f

Acute coronary syndrome, 381
Acute limb ischemia

clinical categories of, 563t
Acute myocardial infarction (AMI),

358–360
coronary stents, 532–534
phasic flow-velocity signals, 361f
primary angioplasty for, 458f

Acute pulmonary embolism, 677–679,
738

arterial blood gases, 678
chest radiograph, 678
diagnosis, 677
echocardiography, 678–679
electrocardiogram, 678
ELISA, 678
gadolinium-enhanced magnetic

resonance angiography, 678
imaging tests, 678–679
laboratory tests, 678–679
spiral chest CT scans, 678
venous ultrasound, 678
ventilation-perfusion lung scanning, 

678
Acute right ventricular infarction, 738
Acute subvalvar (infundibular)

obstruction, 609
Additional Value of NIR Stents

for Treatment of Long
Coronary Lesions (ADVANCE)
trial, 527

Adenosine
assessing pulmonary vasoreactivity,

703t
for coronary flow studies, 349t
dose, 66t, 70t
inducing coronary hyperemia, 346

ADMIRAL. See Abciximab Before Direct
Angioplasty and Stenting in
Myocardial Infarction Regarding
Acute and Long-term follow-up
(ADMIRAL)

Adolescents
congenital obstructive lesions

percutaneous balloon pulmonary
valvuloplasty, 608–609

ADRC. See Automatic dose rate control
(ADRC)

Adriamycin
cardiotoxicity

endomyocardial biopsy, 407

ADVANCE. See Additional Value of NIR
Stents for Treatment of Long
Coronary Lesions (ADVANCE) trial

Afterload, 315–316
Afterload mismatch, 324
AHA. See American College of Cardiology

(ACC)/American Heart Association
(AHA)

AIMI. See AngioJet Rheolytic
Thrombectomy in Patients
Undergoing Primary Angioplasty
for Acute Myocardial Infarction
(AIMI) trial

Air kerma, 14
defined, 15t

Alcohol septal ablation, 720–721
Allen test

modified, 98f
Allergic reactions

to acetyl salicylic acid, 57
with coronary angiography, 201

premedication for, 201
with diagnostic catheterization, 52–53
to iodinated contrast agents, 52

A-Med percutaneous ventricular assist
device, 424f, 425

American College of Cardiology
(ACC)/American Heart
Association (AHA)

angioplasty guidelines, 455–456
cardiac catheterization indications

guidelines, 5
cardiac catheterization laboratory

guidelines, 11t
freestanding cardiac catheterization 

labs, 9
lesion classification system, 448t

AMETHYST trial, 487
AMI. See Acute myocardial infarction

(AMI)
Amiodarone

dose, 66t
Amipaque, 32
Amplatz catheters, 189f, 193f
Amplatz curves, 435
Amplatz device, 750
Amplatzer Duct Occluder, 628f, 754f, 755f
Amplatzer Muscular VSD, 624f
Amplatzer PFO Occluder, 620f
Amplatzer Septal Occluder, 622f
Amrinone

dose, 69t
influencing myocardial contractility,

316t
Amyloid heart disease, 712–714, 715f

endomyocardial biopsy, 716f
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Amyloidosis, 715
hemodynamics of, 713f–714f

Anaphylactoid reactions. See Allergic
reactions

Anatomic variants, 204
Aneurysm. See also Abdominal aorta

aneurysm (AAA)
aortic

aortic angiography, 261
CT angiography, 255f

endoluminal thoracic, 769
pulmonary artery, 249–250
saccular

thoracic aorta, 769f
thoracic aortic, 261, 571

Angina
pacing-induced, 295
unstable

cardiac catheterization for, 5
IABP, 422

Angiographically silent disease, 374f
Angiographic blood flow estimation,

341–345
Angiographic projections, 207f
Angiographic room, 24

equipment
quality assurance, 24

Angiography. See also Coronary
angiography; Pulmonary
angiography

bypass graft
catheters, 194f

digital subtraction
aortic stenosis, 589f
with pulmonary arterial injections,

239
internal mammary, 196f
mitral regurgitation, 644
noninvasive, 254–255
peripheral, 254
saphenous vein graft, 195f

Angiography Versus IVUS-Directed stent
placement (AVID), 377

Angioguard, 486
AngioJet Rheolytic Thrombectomy in

Patients Undergoing Primary
Angioplasty for Acute Myocardial
Infarction (AIMI) trial, 481–482

Angiomax
dose, 65t
guidelines for, 61
during PCI, 56t, 60–61

Angioplasty. See also Percutaneous balloon
angioplasty

angiography, 367f
aortoiliac, 775

complications of, 591–592
balloon

limitations of, 492–494
replacement by stenting, 462f

brachiocephalic artery, 766–767
candidates for, 761t
carotid, 579–580, 761–762
carotid balloon, 577f
celiac artery, 769–774, 771f
coronary system, 434, 434f
femoropopliteal, 775–777

focused force, 438
guidelines, 455–456
infrapopliteal, 780–781
intracranial, 762–766, 764f
LIMA, 460f
mesenteric artery, 769–774, 771f
percutaneous transluminal coronary, 5
profunda femoris artery, 777–779
pulsed excimer laser, 478
sensor-guidewire use, 345
subclavian, 766–767
training, 462
vertebral arteries, 759–761, 760f

Angioscopy, 379–382
clinical experience, 381–382
image interpretation, 380–381
imaging systems, 379–380

AngioSeal, 94, 95f
Angiovist (Berlex), 31

structure, 32f
Angled pigtail catheters, 91f
Angulated views

geometry of, 207f
Ankle brachial index (ABI), 272
Anomalous coronary takeoff

brachial approach to, 114
Antecubital fossa

anatomy of, 108f
Antegrade femoral artery puncture, 256f
Anterior projection (AP), 38
Anterior tibial artery (AT), 270
Anteroposterior diameter

measurement of, 141f
Anticoagulants

contraindicating interventional
cardiology, 7

Anticoagulants in the secondary
prevention of events in coronary
thrombosis (ASPECT) trial, 378

Aorta. See also Abdominal aorta;
Coarctation of the aorta; Thoracic
aorta

iliac
revascularization, 566t

infrarenal
revascularization, 566t

MRA, 255f
perforation with diagnostic

catheterization, 51
Aortic aneurysm

aortic angiography, 261
CT angiography, 255f

Aortic arch, 573–574
angioplasty, 759–767

Aortic diagnosis, 571–573
Aortic dissection, 261–262

acute
aortic fenestration, 572f

Aortic pressure, 319f
central, 142f, 144f

measurement of, 143f
Aortic regurgitation, 653–656, 654f, 655f

acute vs. chronic, 655, 655t
angiographic assessment, 655–656
catheterization protocol, 656
hemodynamic assessment, 654
premature mitral valve closure, 654

Aortic stenosis, 647–653, 647t, 648f
angiographic assessment, 649
aortic valve replacement, 652–653
with appreciable cardiomegaly, 652
Carabello sign, 648–649
cardiac output with mean aortic systolic

pressure gradient, 177f
catheterization protocol, 649–653
digital subtraction angiography, 589f
femoral artery, 180f
hemodynamic assessment, 647–648
left ventricular pressure tracings, 178f
with low cardiac output

assessment of, 181–182
MRI ventriculogram, 232f
neonatal critical, 612–613
nitroprusside infusion in, 182t
percutaneous valve replacement and

repair, 558
pressure gradients in, 179f
pressure recordings, 650f
without appreciable cardiomegaly,

650–652
Aortic valve area

calculation of, 177–181
example, 178–180
pitfalls, 181
pullback hemodynamics, 181
transducer calibration, 181

Aortic valve prosthesis, 658f
Aortic valvuloplasty. See Balloon aortic

valvuloplasty
Aortobifemoral graft, 783f
Aortography, 254
Aortoiliac angioplasty, 775

complications of, 591–592
Aortoiliac disease

stents for, 589–590
thrombolytic therapy, 590

Aortoiliac obstructive disease, 588–589
Aortoiliac percutaneous transluminal

angioplasty
with surgery, 591

Aortopulmonary (bronchial) collaterals,
628

AP. See Anterior projection (AP)
Apical left ventricular puncture, 103–104,

104f
APV. See Average peak velocity (APV)
Aramine

dose, 70t
ARAS. See Atherosclerotic renal artery

stenosis (ARAS)
Area length method, 306
Arrhythmias

atrial, 631
with cardiac ventriculography, 230
malignant ventricular

with endomyocardial biopsy, 404
supraventricular

with endomyocardial biopsy, 404
Arterial blood gases

acute pulmonary embolism, 678
Arterial occlusive disease. See also

Peripheral arterial occlusive disease
(PAD)

lower extremities, 270–271

790 Index



Arterial pressure waveform
transformation, 146f

Arterial Revascularization Therapies Study
II (ARTS II), 527, 528f

Arterial venous fistula
with endomyocardial biopsy, 405

Arteriography
carotid, 266–268
pulmonary

balloon-tipped catheters, 237
pigtail catheters, 237

renal
atherosclerotic renal artery stenosis,

269
vertebral, 264–265

Arteriovenous difference, 148–149
Arteriovenous fistula

with diagnostic catheterization, 45–46
Arteriovenous guidewire loop, 752f
Arteriovenous oxygen difference, 153–154

related to cardiac index, 149f
Artery. See also individual artery(ies)

angiograms, 359f
FFR, 359f

ARTS II. See Arterial Revascularization
Therapies Study II (ARTS II)

ASA. See Acetyl salicylic acid (ASA)
Ascending aortic pressure waveform, 

142f
ASCENT. See ACS Multi-Link Stent Clinical

Equivalence in De Novo Lesions
Trial (ASCENT)

ASD. See Atrial septal defect (ASD)
ASO. See Atherosclerosis obliterans (ASO)
ASPECT. See Anticoagulants in the

secondary prevention of events in
coronary thrombosis (ASPECT) trial

Aspirin
with cardiac catheterization, 55–56
with coronary stents, 507–508
dose, 65t
during PCI, 56t
with percutaneous balloon angioplasty,

440, 442
Asymptomatic Cardiac Ischemia Pilot

(ACIP), 456
AT. See Anterior tibial artery (AT)
Atenolol

dose, 67t
Atherectomy, 467–488. See also Directional

coronary atherectomy (DCA); High-
speed mechanical rotational
atherectomy

extraction, 462
IVUS, 376
rotational, 462

Atherectomy devices
in coronary stents implantation, 507

Atheromatous plaque
compression, 443

redistribution, 443
distal embolization, 443
microembolization, 443

Atherosclerosis
carotid arteries, 265–266
diffuse

assessment of, 358

Atherosclerosis obliterans (ASO), 263–264
Atherosclerotic occlusive disease,

263–264
Atherosclerotic renal artery stenosis

(ARAS), 268–269, 583–584
renal arteriography, 269

Atrial arrhythmias, 631
with diagnostic catheterization, 48–49

Atrial extrasystole
with diagnostic catheterization, 48

Atrial fibrillation, 643f
with diagnostic catheterization, 48–49

Atrial flutter
with diagnostic catheterization, 48–49

Atrial pacing
clinical use of, 301–302

Atrial pacing tachycardia, 298f
Atrial septal defect (ASD), 167–168, 622f,

749–751, 749f, 750f, 751f
pathophysiology of, 617
transcatheter closure, 621–622

Atrial septal defect secundum
diagnostic catheterization

indications for, 120t
Atrial septal defect sinus primum

diagnostic catheterization
indications for, 120t

Atrial septal defect sinus venosus
diagnostic catheterization

indications for, 120t
Atrial septum

anatomy of, 616
Atrioventricular canal defect

diagnostic catheterization
indications for, 120t

Atrioventricular malformation (AVM)
pulmonary, 629f

Atrium
left

congenital heart disease, 122
retrograde catheterization of, 113f

right
intracardiac echo from within, 102f

Atropine sulfate
dose, 66t

Automatic dose rate control (ADRC), 20
Average peak velocity (APV), 345
AVID. See Angiography Versus IVUS-

Directed stent placement (AVID)
AVM. See Atrioventricular malformation

(AVM)
AVOXimeter 1000, 153

B
Balanced dominant circulation, 204
Balloon angioplasty. See also Percutaneous

balloon angioplasty
branch pulmonary artery stenosis,

610–611
branch vessel occlusion, 450f
vs. coronary stents, 525t
limitations of, 492–494
replacement by stenting, 462f

Balloon aortic valvuloplasty, 552–558,
554f, 556f

calcific aortic stenosis, 553
clinical results, 556–558

complications, 556–558
elderly, 557f
improved aortic orifice area, 553
indications for, 553t
long-term results, 558
noncalcific aortic stenosis, 553
technique, 553–556

Balloon compliance characteristics, 438
Balloon counterpulsation. See Intraaortic

balloon counterpulsation (IABP)
Balloon expandable stents, 463
Balloon flotation catheters

flow-directed, 111
Balloon mitral angioplasty. See

Percutaneous balloon mitral
valvuloplasty

Balloon pericardiotomy
percutaneous, 738–740, 739f, 740f

Balloon-tipped catheters
pulmonary arteriography, 237
for pulmonary arteriography, 237

Balloon vs. Optimal Atherectomy Trial
(BOAT), 469

Barbiturates
influencing myocardial contractility,

316t
BARI. See Bypass Angioplasty

Revascularization Investigation
(BARI) study

Basilar artery, 575
BAT. See Bivalirudin Angioplasty Trial

(BAT)
Beam modulation, 16f
Belgium Netherlands stent (BENESTENT),

493, 494f, 524
Benadryl

for cardiac catheterization, 55
dose, 68t
for premedication prior to contrast

agents, 52
BENESTENT. See Belgium Netherlands

stent (BENESTENT)
Beraprost

for PPH, 690t
Berenstein catheters, 267
Berlex, 31

structure, 32f
Berman Balloon catheters, 238
Bernoulli equation, 339f
BES, 503t
BeStent, 496f
Bicycle ergometer exercise, 291f
Bicycle exercise

supine
dilated cardiomyopathy, 290t

Bidirectional shunts
calculation of, 168

Bifurcation disease, 667–668
Biodegradable stents, 496
BiodivYsio stent in controlled trial

(DISTINCT), 499f, 503t
Bioptomes

modern, 397
Biotronik Tensum stents, 498
Bird’s Nest filters, 237
Bivalirudin

PCI, 56t
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Bivalirudin (Angiomax)
dose, 65t
guidelines for, 61
during PCI, 56t, 60–61

Bivalirudin Angioplasty Trial (BAT), 60
Blood flow measurement, 148–161
Blood/intima (luminal) border, 372
Blood lactate, 297f
Blood oxygen saturation

in right heart, 163–164
Blue digit syndrome

stents for, 574f
BOAT. See Balloon vs. Optimal

Atherectomy Trial (BOAT)
Body surface area

calculating, 150f
Bosentan

for PPH, 689, 690, 690t
Boston Scientific SYMBIOT stents, 500f
Bracco, 31

structure, 32f
Bracco-Squibb Acist device, 190f
Brachial arteriotomy

suture repair of, 115f
Brachial artery

isolation of, 109f, 110f
Brachial cutdown, 107–117

catheter selection, 111
hand numbness, 117
indications for, 107
instruments for, 108f
preprocedure evaluation, 107–108
radial pulse loss, 117
right heart catheter advancement,

111–113
special techniques, 114
troubleshooting, 117
vessel repair and aftercare, 114–117

Brachiocephalic artery angioplasty,
766–767

Brachytherapy, 30–31
Brachytherapy devices, 462
Bradyarrhythmias

with diagnostic catheterization, 49
Branch pulmonary artery stenosis,

609–611
balloon angioplasty, 610–611
bladed cutting balloons, 611
intravascular stents, 611

Branch vessel occlusion
balloon angioplasty, 450f

Bridging collaterals, 213f
Brockenbrough system, 102f
Bronchial collaterals, 628
BSC/EPI FilterWire, 484f
Bumetanide (Bumex)

dose, 69t
Bumex

dose, 69t
Bundle branch block

with diagnostic catheterization, 49
BX Stent, 496f
Bypass Angioplasty Revascularization

Investigation (BARI) study, 455
numerical coding system, 203f

Bypass graft angiography
catheters, 194f

C
CABG. See Coronary artery bypass graft

(CABG)
CAD. See Coronary artery disease (CAD)
CADILLAC. See Controlled Abciximab and

Device Investigation to Lower Late
Angioplasty Complications
(CADILLAC)

Caffeine
influencing myocardial contractility,

316t
Calcium blocking agents

influencing myocardial contractility,
316t

Calcium chloride
dose, 69t

Calcium salts
influencing myocardial contractility,

316t
Cannulated coronary venous system,

345f
Can Routine Ultrasound Improve Stent

Expansion (CRUISE) trial, 377
CAPTIVE trial, 486
CAPTURE. See Chimeric c7E3 Fab

Antiplatelet Therapy in Unstable
Angina Refractory to standard
treatment (CAPTURE)

Carabello sign
aortic stenosis, 648–649

Cardiac allograft vasculopathy, 212
Cardiac Assist TandemHeart system, 424f
Cardiac catheterization. See also Left heart

catheterization
acetyl salicylic acid, 55–56
adjunctive pharmacology for, 55–71
anxiety with, 55
aspirin for, 55–56
complications of, 36–71, 37t
contraindications to, 7t
death in course of, 39
diazepam for, 55
diphenhydramine for, 55
first documented, 4f
in fontan physiology, 630–631
history of, 3–12
hypotension with, 54
indication for, 5–7
indications for, 5
laboratory guidelines, 11t
laboratory pharmacology

at Brigham and Women’s Hospital,
65t–71t

pain with, 55
practice standards, 3–12
procedure, 12
respiratory insufficiency with, 55
retained equipment with, 55
volume overload with, 54–55

Cardiac catheterization facility, 9–12
director, 11–12
hospital vs. freestanding, 9
laboratory caseload, 11
outpatient, 9–10
physician caseload, 11, 11t
quality assurance, 11–12
training standards, 10–11

Cardiac catheterization labs
coronary Doppler flow velocity, 347f
freestanding

guidelines for, 9
Cardiac hypertrophy, 327
Cardiac output

determination of, 150–151
factors influencing, 149–150
lower limits of, 148
measurement errors, 154–155
upper limits of, 149

Cardiac transplantation. See Heart
transplantation

Cardiac ventriculography, 222–232
analysis, 228–229
arrhythmias with, 230
complications, 230–231
contrast materials

complications, 231
fascicular block, 230
filming projection and technique,

227–228
hazards, 230–231
injection catheters, 222–224
injection rate and volume, 225–226
injection site, 224–225
mitral regurgitation, 229
pigtail catheters, 222–223

Cardiogenic shock
IABP, 420–421

Cardiomyopathy. See also Hypertrophic
cardiomyopathy (HCM)

restrictive, 711–716, 737–738
Cardiopulmonary support systems (CPS),

412
CardioSEAL devices, 620f, 752f, 753f
CardioSEAL Septal Occluder, 619f
Carotid and Vertebral Artery Transluminal

Angioplasty Study (CAVATAS) trial,
578

Carotid angioplasty, 579–580, 761–762
Carotid arteries, 265–268, 576–578

anatomy of, 265
angioplasty, 759–767
extracranial atherosclerosis, 265–266
internal

color duplex image, 267f
puncture with endomyocardial biopsy,

405
stenosis, 581f
stents, 576f

Carotid arteriography, 266–268
Carotid balloon angioplasty, 577f
Carotid endarterectomy (CEA), 577
Carotid revascularization

stroke prevention, 578t
Carotid stenting, 580t
Castillo curves, 111
Catecholamines

influencing myocardial contractility,
316t

Catheter impact artifacts, 145
Catheter-induced coronary spasm, 218
Catheterization. See also Cardiac

catheterization; Diagnostic
catheterization; Femoral
artery/vein catheterization
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left heart
alternative sites for, 97–104
axillary artery percutaneous entry, 97
brachial artery percutaneous entry, 97
radial artery percutaneous entry,

97–100
percutaneous femoral arterial and

venous
regional anatomy, 81f

transradial
complications, 99
equipment, 99, 99t

trans-septal, 4
equipment for, 102f
from right femoral vein, 101

Catheters, 257–258. See also Pigtail
catheters

Amplatz, 189f, 193f
balloon flotation

flow-directed, 111
balloon-tipped

pulmonary arteriography, 237
for pulmonary arteriography, 237

Berenstein, 267
Cobra, 258f
Cook NIH Torcon blue, 224
Cordis NIH, 224
for coronary angiography, 189f
Davies, 267
dilatation

percutaneous balloon angioplasty,
437–438

size, 439
electrical conductance, 232
Eppendorf, 224
7F Berman Balloon, 238
flow-directed balloon flotation, 111
8F Sones I

insertion into brachial artery, 110f
Gensini, 223f
Goodale-Lubin, 111, 111f
Grollman, 238, 238f
Gruentzig, 436
guiding

deep engagement, 435f
percutaneous balloon angioplasty,

434–435
Headhunter, 258f, 267
hockey stick, 194f, 435
IABP, 413
injection

cardiac ventriculography, 222–224
internal mammary, 194f
Judkins

spasm, 217f
Judkins left, 189f
Judkins right, 189f
Kawai flexible endomyocardial biopsy,

397f
left heart, 111f

advancing, 113–114
brachial cutdown, 111
used from femoral approach, 91f

left ventricular conductance, 232f
Lehman, 223f
midcavitary position, 224f
multielectrode impedance, 309f

multipurpose, 194f, 258f, 435
NIH, 223f, 224
Nyman, 238f
original dilatation, 436
over-the-wire (OTW), 437
pacing, 294–295
perfusion balloon, 438f
peripheral angiographic, 258f
Proxis proximal protection, 484f
pulmonary embolism, 681–683
right heart, 111f

advancing from right atrium to
pulmonary artery, 112f

advancing from right atrium to
ventricle, 88f

brachial cutdown, 111
right-sided heart, 85f
Simmons, 258f, 267
Sones, 111, 111f, 113, 189f, 199f, 200f,

223, 223f
SOS-omni, 258f
Swan-Ganz, 85f, 113
Teflon Gensini, 91f
tennis racket, 258f
van Aman, 238
ventriculographic, 223f
Voda, 435
VTK, 267
Wexler, 194f

Catheter-tip spasm, 216
Catheter-transducer system, 138f
Catheter whip artifacts, 145
CAVATAS. See Carotid and Vertebral Artery

Transluminal Angioplasty Study
(CAVATAS) trial

Caves-Schulz bioptome, 396, 396f
CCD. See Charge-coupled device (CCD)
CEA. See Carotid endarterectomy (CEA)
Celiac artery angioplasty, 769–774, 771f
CE-MRA. See Contrast-enhanced MRA

(CE-MRA)
Central aortic pressure, 142f, 144f

measurement of, 143f
Cerebral artery

middle
occlusion of, 765f

Cerebrovascular accidents
from diagnostic catheterization, 41–42

CFA. See Common femoral artery (CFA)
CFR. See Coronary flow reserve (CFR)
Charge-coupled device (CCD), 22
Children

diagnostic catheterization
death as complication of, 39

radiation
induced neoplasms, 27

Chimeric c7E3 Fab Antiplatelet Therapy in
Unstable Angina Refractory to
standard treatment 
(CAPTURE), 62

Cholesterol embolization, 586
Chronic heart failure, 697f
Chronic limb ischemia

clinical categories of, 564t
Chronic thromboembolic pulmonary

hypertension, 245–246, 248f
angiographic findings in, 248t

Chronic thromboembolic pulmonary
hypertension (CTEPH), 686–688,
687f, 689f

Cimetidine, 58
for coronary angiography allergic

reactions, 201
for premedication prior to contrast

agents, 52
Cinefluorographic system

acquisition (cine), 20
cine camera, 21
DICOM PACS, 22–24
feedback, 20
flat-panel x-ray detectors, 22
fluoroscopy, 20
focal spot, 19
generator, 18, 18f
image detection, 20
image display and processing, 22
image framing, 21f
imaging modes, 19
operation of, 17–24
patient size and dose, 20f
radiation production and control, 18
video, 22
x-ray beam filtration and shaping, 19
x-ray detection and recording, 20–22
x-ray image intensifier, 21, 21f
x-ray tubes, 18–19, 19f

Cine left ventriculography, 226
Circumflex arteries

left
ostia of, 204

Cisatracurium besylate (Nimbex)
dose, 68t

CK-MB. See Creatine kinase myocardial
band (CK-MB)

CLASSICS. See Clopidogrel Aspirin Stent
International Cooperative Study
(CLASSICS)

Clopidogrel
with bleeding, 58
for coronary artery disease, 662
with coronary stents, 508
dose, 65t
PCI, 56t
during PCI, 56t
with percutaneous balloon angioplasty,

440, 442
pretreatment with, 57, 57f

Clopidogrel Aspirin Stent International
Cooperative Study (CLASSICS), 
508

Clopidogrel in Unstable Angina Recurrent
Events (CURE), 56, 58

Coarctation of the aorta, 259–261,
614–616, 746–748, 747f, 748f,
749f

aortography, 570f
diagnostic catheterization

indications for, 120t
pediatric technique, 614
pre-stent implant, 615f
results, 614–615
stent angioplasty, 615–616

Cobra catheters, 258f
Collateral pathways, 213f
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Collateral quantitative assessment
catheterization lab, 361–368

COMBAT trial, 470
Common femoral artery (CFA), 270, 592,

592f
angioplasty, 779–780, 779f
revascularization, 566t

Complete AV block
with diagnostic catheterization, 49

Complete heart block
with diagnostic catheterization, 49

Complications, 767–769, 768f
Congenital cath lab, 605
Congenital heart disease, 118–128,

605–631, 744–757
angiographic projections, 125t
angiography, 125–126
confounding physiologic abnormalities

in, 119t
cyanosis, 127
diagnostic catheterization

indications for, 120t
Down syndrome, 126
oximetry, 122–125
pregnancy, 126
pressure measurement, 122–125
special circumstances, 126–128
surgical repairs, 119t
vascular access, 119–122

Congenital lesions
with shunts, 616

Congenital mitral stenosis, 616
Congenital obstructive lesions, 605–611

percutaneous balloon pulmonary
valvuloplasty, 607–609

adolescents, 608–609
complications, 609
pediatric modifications, 608

Congenital pulmonary venous
obstruction, 685f

Connective tissue disorders, 262–263
Conray, 31

structure, 32f
CONSERVE, 503t
Constrictive pericarditis, 731–736

pulmonary capillary wedge, 733f
right atrial pressure, 733f
treatment, 735–736
ventricular pressure, 733f, 734f

Continuous-infusion method, 155
Continuous Quality Improvement

cardiac catheterization facility, 12
Contractility indices

left ventricular systolic performance,
320t

Contrast agents, 258–259
adverse effects of, 200–201
inadequate injection of, 217
structure, 32f
superselective injection of, 217–218

Contrast-enhanced MRA (CE-MRA), 
255

Contrast-induced nephropathy, 53, 258
Contrast ventriculography

alternatives to, 231–323
respiration during

patient instructions, 227

Controlled Abciximab and Device
Investigation to Lower Late
Angioplasty Complications
(CADILLAC), 534

Cook NIH Torcon blue catheters, 224
Cordis Angioguard filter, 484f
Cordis Hydrolyser, 480–481
Cordis NIH catheters, 224
Coronary anatomy, 202–204, 203f
Coronary angiography, 187–219

adverse effects of, 200–201
allergic reactions, 201

premedication for, 201
allergic reactions with, 201
angiographic views, 204–205
brachial approach, 199–200
contraindications to, 7t
current indications for, 187–188
femoral approach, 189–198

catheter insertion and flushing,
189–190

free arterial grafts, 193–194
gastroepiploic graft cannulation,

197–198, 198f
internal mammary cannulation,

193–196
left coronary ostium cannulation,

191–193
pressure waveform damping and

ventricularization, 190–191
right coronary ostium cannulation,

193
saphenous vein cannulation,

193–194
history, 188–189
injection technique, 201–202, 202f
left anterior oblique projection,

205–207
left lateral projections, 207–208
lesion quantification, 208–210
posteroanterior projections, 207–208
pressure tracings, 191f
radial approach, 199–200
renal dysfunction with, 53–54
right anterior oblique projection, 205
selective, 4
stenosis, 202–210

Coronary angioplasty system, 434, 434f
Coronary arteriography

saphenous vein graft disease, 669
ST-segment elevation myocardial

infarction (STEMI), 663
total coronary occlusion, 671
unprotected left main disease, 673

Coronary arteriovenous fistula, 755–757,
756f, 757f

Coronary artery. See also Right coronary
artery (RCA)

left
coronary collaterals, 212f

native, 487–488
occluded collateralized, 364f
perforation of, 450–451

Coronary artery bypass graft (CABG), 585f
brachial cutdown, 114

Coronary artery disease (CAD), 660–674
clopidogrel for, 662

congenital heart disease, 127–128
coronary arteriography, 662f
coronary arteriography indications,

660–661
medical management, 662
nonatherosclerotic, 211–217
percutaneous revascularization

indications, 660–661
stable, 660–662

Coronary artery dissection
after excimer laser angioplasty, 479f

Coronary artery fistula, 214f
Coronary artery obstruction

left
coronary collaterals, 212f

Coronary Artery Surgery Study, 39
Coronary atherectomy, 467–488. See also

Directional coronary atherectomy
(DCA)

Coronary blood flow
case studies in, 367
regulation of, 337–340

Coronary blood flow measurements
clinical applications of, 355–361

Coronary calcification, 374f
Coronary circulation

regulation of, 338t
Coronary collaterals, 210, 211f
Coronary debulking, 470
Coronary Doppler flow velocity, 347–349
Coronary fistula, 211, 628
Coronary flow reserve (CFR), 340f, 340t,

351f, 353f
measurement of, 347–354

Coronary flow velocity, 362f
Coronary hyperemia, 345–346

adenosine inducing, 346
Coronary intervention

deferral of, 355–356
Coronary origin and distribution

congenital variants of, 218–219
Coronary pressure, 354f
Coronary resistances, 337f
Coronary Revascularization Using

Integrilin and Single Bolus
Enoxaparin (CRUISE), 59

Coronary sinus adenosine, 297
Coronary sinus cannulation technique,

344–345
Coronary spasm, 215f
Coronary stenosis, 209f

myocardial blood flow, 209f
Coronary stents, 492–534. See also Stents

in acute myocardial infarction, 532–534
adjunct pharmacotherapy, 507–508
after failed balloon angioplasty,

523–524
in aorto-ostial lesions, 529
aspirin with, 507–508
vs. balloon angioplasty, 525t, 526f
balloon-expandable vs. self-expanding,

499–500
bare metal

vs. balloon angioplasty, 529t, 532f,
533t

vs. DES, 528t
implantation of, 506t
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randomized studies, 499t
vs. stent trials, 500–502

bare metal restenosis
brachytherapy, 511t

in bifurcation lesions, 529–531, 530f
vs. bypass grafts

randomized trials, 514t
carbon-coated

randomized studies, 499t
in chronic total occlusion, 528–529
classification of, 495
clinical outcomes, 523–534
coatings, 498, 498t
complications of, 508–513
composition of, 495–498
configuration of, 496–497
coronary perforation, 512–513
covered, 499
design of, 495–502
development of, 492–494
diabetes mellitus, 527
direct, 506–507
early designs of, 496f
embolization, 512
future directions, 534
glycoprotein IIb/IIIa inhibitors 

with, 508
guide catheter selection, 502
guidewire catheter selection, 502
historical perspectives, 492–494
implantation technique, 502–507, 505t

plaque modification during, 507
in small vessels, 524–526
technical aspects of, 502–507

infectious endarteritis, 513
in long lesions, 527
modular, 498
multicellular, 497–498
in multivessel disease, 527
outcomes, 502–506
overcoming limitations of, 494
PCI, 661
for PCI, 661
potential drug carrier vehicles, 515t
real-world, 524
restenosis, 510–511
in saphenous vein grafts, 532
selection of, 502–506, 505t
side-branch occlusion, 511–512
slotted tubes, 497–498
stainless steel vs. stent trials, 503t
vs. surgical revascularization, 513
thrombosis, 508–509, 509f
in unprotected left main lesions, 531
wire coils, 497

Coronary vasodilation
mediators of, 338t

Coronary vasodilator reserve (CVR), 338,
345, 352f

abnormal, 216–217
Coronary vasomotion, 337f
Coronary vasospasm, 213–216
Coronary venous efflux, 343–344
Coronary venous oximetry thermodilution

flow, 344f
Costs

IVUS, 379

CPK. See Creatinine phosphokinase (CPK)
CPS. See Cardiopulmonary support

systems (CPS)
Creatine kinase myocardial band (CK-MB)

following directional coronary
atherectomy, 469

Creatinine phosphokinase (CPK), 449
CrossFlex LC Stent, 496f
CRUISE study. See Coronary

Revascularization Using Integrilin
and Single Bolus Enoxaparin
(CRUISE)

CRUISE trial. See Can Routine Ultrasound
Improve Stent Expansion (CRUISE)
trial

Crush stent technique, 530
CTEPH. See Chronic thromboembolic

pulmonary hypertension 
(CTEPH)

Culotte stent technique, 530
Cumulative dose

defined, 15t
CURE. See Clopidogrel in Unstable Angina

Recurrent Events (CURE)
Curved Kelly forceps, 109
Cutdown technique, 4
CVR. See Coronary vasodilator reserve (CVR)
Cyanosis

congenital heart disease, 127
Cypher stents, 517, 518

malapposition, 523
randomized trials of, 519t
restenosis, 522
vs. TAXUS, 520

D
Damping, 139f

defined, 134t
Danish multicenter stent study

(DANSTENT), 504t
DAP. See Dose-area product (DAP)
Davies catheters, 267
Davis double-end soft tissue retractors,

108f
DCA. See Directional coronary

atherectomy (DCA)
DeBakey classification, 262
Decompensated heart failure

from dilated cardiomyopathy, 699f, 700f
Deep femoral artery (DFA), 270
Deep venous thromboembolism

with diagnostic catheterization, 44f
Deltatrac II, 152
DES. See Drug-eluting stents (DES)
Device failures, 451
DFA. See Deep femoral artery (DFA)
Diabetes mellitus

coronary stents, 527
PAD, 272

DIABETES trial, 518
Diagnostic catheterization

allergic reactions, 52–53
arrhythmias with, 47–49
bradyarrhythmias with, 49
cerebrovascular complications, 41–42
conduction disturbances with, 47–49
death as complication of, 37–39

left main disease, 38
left ventricular dysfunction, 38
prior bypass, 39
valvular heart disease, 38

great vessels perforation with, 50–51
heart perforation with, 50–51, 50f
infection with, 51–52
local vascular complications, 42–47
MI as complication of, 39–41

Diastolic distensibility vs. compliance,
325f

Diastolic filling period (DFP)
left ventricular pressure tracings, 174f

Diastolic function, 324–330
Diastolic heart failure, 711–716
Diastolic left ventricular regional wall

motion, 330f
Diastolic left ventricular wall thinning,

330
Diazepam (Valium)

for cardiac catheterization, 55
Diffuse atherosclerosis

assessment of, 358
Diffuse reflectance NIR spectroscopy, 386,

388
Digital image receptors, 22f
Digitalis glycosides

influencing myocardial contractility,
316t

Digital subtraction, 308
Digital subtraction angiography (DSA)

aortic stenosis, 589f
with pulmonary arterial injections, 239

Digital surgery, 257
Digoxin

dose, 70t
Dilatation catheters

percutaneous balloon angioplasty,
437–438

size, 439
Dilated cardiomyopathy, 695–700, 695f

biopsy diagnosis, 408t
decompensated heart failure from, 699f,

700f
endomyocardial biopsy, 407
etiology, 695t
exercise, 701f
idiopathic, 696t
milrinone for, 701f
progressive dyspnea in, 696–698
supine bicycle exercise, 290t

Diltiazem, 215, 216f
dose, 67t, 71t
influencing myocardial contractility,

316t
for PPH, 690t

Diphenhydramine (Benadryl)
for cardiac catheterization, 55
dose, 68t
for premedication prior to contrast

agents, 52
Diprivan

dose, 68t
Directional coronary atherectomy (DCA),

462, 467–476, 468f
bifurcation lesions, 469, 470f
deep wall resection, 469
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Directional coronary atherectomy (DCA)
(continued)

device description, 467–468
in-stent restenosis, 470, 471f
new approaches to, 470
procedure, 468
results, 468–469
tissue analysis, 469

Direct stenting, 441
Direct thrombin antagonists

with percutaneous balloon angioplasty,
440

Direct thrombin inhibitors (DTI), 60–61
DIRP. See Dose at the interventional

reference point (DIRP)
Dissections, 376f
Distal Embolic Protection During Primary

Angioplasty in Acute Myocardial
Infarction (EMERALD), 487

Distal filters, 486–487
Distal occlusion systems (Guardwire),

483–484
Distal protection devices, 462
DISTINCT. See BiodivYsio stent in

controlled trial (DISTINCT)
Dobutamine (Dobutrex)

dose, 69t
Dobutamine stress magnetic resonance

imaging, 667f
Dobutrex

dose, 69t
Dofetilide

dose, 66t
Dominant circulation

left, 203–204
Dopamine

dose, 69t
Doppler average peak velocity, 353f
Doppler frequency shift, 347
Doppler ultrasound

intracoronary physiologic
measurements, 357

Dorsalis pedis (DP) artery, 270
Dose (x-ray)

defined, 15, 15t
measuring points, 16f

Dose-area product (DAP)
defined, 15t

Dose at the interventional reference point
(DIRP)

defined, 15t
Dosimetry

definitions, 15t
Douglas bag, 152
Down syndrome

congenital heart disease, 126
DP. See Dorsalis pedis (DP) artery
DRASTIC. See Dutch Renal Artery Stenosis

Intervention Cooperative Study
(DRASTIC)

Drug-eluting stents (DES), 378, 513–523, 515f
components of, 515–516
failed, 516, 520–523
proven, 516–518, 518–520
restenosis after, 520–522, 522f
thrombosis, 523
in unprotected left main lesions, 531

DSA. See Digital subtraction angiography
(DSA)

DTI. See Direct thrombin inhibitors (DTI)
Dual antiplatelet therapy, 495f
Ductus arteriosus

congenital heart disease, 122
Duet device, 94, 95f
Duet Stent, 496f
Dutch Renal Artery Stenosis Intervention

Cooperative Study (DRASTIC), 583
Dynamic exercise, 283–292

exercise factor, 285
exercise index, 284–285
left ventricular diastolic function,

286–287, 287f
left ventricular failure

in cardiac catheterization lab, 287–290
oxygen uptake and cardiac output, 284,

284f
supine

with mitral stenosis, 291t
systemic and pulmonary arterial

pressure and heart rate, 285
upright vs. supine, 285–286

Dynamic exercise test
performing, 291–292

Dyspnea
progressive

in dilated cardiomyopathy, 696–698

E
Echocardiographic scoring system for

mitral stenosis, 544t
EDRF. See Endothelium-derived relaxation

factor (EDRF)
Effective dose

defined, 15t
Effusive-constrictive pericarditis, 736–737,

736f
Ehlers-Danlos syndrome, 263
8F Sones I catheters

insertion into brachial artery, 110f
Ejection fraction, 307–308

defined, 320
left ventricles

normal values, 310t
Ejection phase indices, 319–320

left ventricular systolic performance,
320t

Elderly
balloon aortic valvuloplasty, 557f

Electrical conductance catheters, 232
Electrical strain gauge, 138–139
Electrochemical fuel-cell method, 164
Electromechanical mapping, 231
Electronic calipers, 374
Embolism. See also Acute pulmonary

embolism; Pulmonary embolism
with cardiac ventriculography, 230–231

Embolization protection devices, 
483–488

EMERALD. See Distal Embolic Protection
During Primary Angioplasty in
Acute Myocardial Infarction
(EMERALD)

Enalapril
dose, 70t

Endarterectomy
high risk for, 761t

End-diastolic volume
left ventricles

normal values, 310t
Endocardial staining

with cardiac ventriculography, 230
Endoluminal thoracic aneurysm repair,

769
Endomyocardial biopsy, 395–409

Adriamycin cardiotoxicity, 407
complications, 404–405
dilated cardiomyopathy, 407
equipment for, 398t
femoral vein approach, 400
femoral vein approach-preformed

sheath, 402–403
future, 409
historical approaches, 395–396
indications, 406t
internal jugular access, 397–399
left ventricular-femoral artery preformed

sheath, 403
methods, 400–403
myocarditis, 408–409
postprocedure care, 405
restrictive vs. constrictive disease, 409
right internal jugular preformed sheath,

402
right internal jugular venous approach,

400–402
right subclavian vein access, 400
technique, 397–403
transplant rejection, 406–407

Endothelium-derived relaxation factor
(EDRF), 451

End pressure artifacts, 145
End-systolic volume

left ventricles
normal values, 310t

omega-length, 321–322
Enhanced Suppression of the Platelet

IIb/IIIa Receptor with Integrilin
Therapy (ESPIRIT), 62, 509f

Enoxaparin
for acute coronary syndrome, 59–60

EPIC. See Evaluation of IIb/IIIa platelet
receptor antagonist in Preventing
Ischemic Complications (EPIC)

Epinephrine
dose, 68t, 69t
for premedication prior to contrast

agents, 53
EPISTENT. See Evaluation of Platelet

IIb/IIIa Inhibition in Stenting Trial
(EPISTENT)

Epoprostenol (Flolan)
dose, 71t
for PPH, 690t

Eppendorf catheters, 224
Eptifibatide, 61–63

dose, 65t
during PCI, 56t
for PCI, 61

ERBAC. See Excimer, Rotablator, Balloon
Angioplasty for Complex Lesions
(ERBAC)
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Ergonovine testing, 216
Erythrityl tetranitrate, 161, 161f
Esmolol

dose, 67t
ESPIRIT. See Enhanced Suppression of the

Platelet IIb/IIIa Receptor with
Integrilin Therapy (ESPIRIT)

Ethanol
influencing myocardial contractility,

316t
European TOTAL Surveillance Study, 479
Evaluation of IIb/IIIa platelet receptor

antagonist in Preventing Ischemic
Complications (EPIC), 62

Evaluation of Platelet IIb/IIIa Inhibition in
Stenting Trial (EPISTENT), 62, 509f

Excimer, Rotablator, Balloon Angioplasty
for Complex Lesions (ERBAC),
473–475

Excimer lasers, 462
Exercise. See also Dynamic exercise

bicycle ergometer, 291f
dilated cardiomyopathy, 701f
isometric, 292–293

hemodynamic response, 293
Exercise-induced ischemia, 661f
External metallic clips, 95
EXTRA, 503t
Extracardiac shunts

transcatheter embolization of, 625
Extracranial carotid percutaneous

transluminal angioplasty
stenting, 579t

Extraction atherectomy, 462
Extraction reserve, 148–149
Extremities, 563t. See also Lower extremities

acute ischemia
clinical categories of, 563t

chronic ischemia
clinical categories of, 564t

ischemia
with PAD, 272

F
Familial amyloidosis, 715
Fascicular block

with cardiac ventriculography, 230
Fatigue syndrome

with mitral stenosis, 640
7F Berman Balloon catheters, 238
Femoral artery. See also Common femoral

artery (CFA); Superficial femoral
artery (SFA)

antegrade puncture, 256f
aortic stenosis, 180f
catheterizing left heart from, 89–93
deep, 270
puncture, 87–89
right

entry of, 90f
Femoral artery thrombosis

with diagnostic catheterization, 42–43,
43f

Femoral artery/vein catheterization, 
79–96

catheter selection, 91–92
crossing aortic valve, 92–93

heparin, 91
left heart

contraindications to, 96
local anesthesia, 80
patient preparation, 79–80
puncture closure devices, 94–95, 95f
puncture site control following sheath

removal, 93–96
puncture site selection, 80

Femoral pseudoaneurysm
with diagnostic catheterization, 47f

Femoral vascular complications
with diagnostic catheterization, 46f

Femoral vein
catheterization, 79–96

right heart from, 84–87, 86f
puncture, 80–84
right

trans-septal catheterization, 101
right common, 236

Femoral venous thrombosis
with diagnostic catheterization, 43

Femoropopliteal angioplasty, 775–777
Fentanyl

dose, 67t
for interventional cardiology, 9

FFR. See Fractional flow reserve (FFR)
Fibromuscular dysplasia (FMD), 583,

584f, 773f, 774f
Fick oxygen method, 151–152, 155
Fick’s principle, 4, 8

illustration of, 151, 151f
Field of view (FOV), 19
FilterWire, 484f, 486
FilterWire EXRandomized Evaluation

(FIRE) trial, 486, 487
FIM. See First-In-Man (FIM)
First-In-Man (FIM), 517
FlexStent

Gianturco-Roubin, 497
Flolan

dose, 71t
for PPH, 690t

Flow-directed balloon flotation catheters,
111

Flow measuring guidewires, 442
Flow ratio, 168
Flow velocity

coronary artery, 350f
measurements of, 345–347

Flumazenil (Romazicon)
dose, 67t

Fluorescence spectroscopy, 388
Fluoroscopy

pregnancy, 28
Focused force angioplasty, 438
Fontan physiology

cardiac catheterization in, 630–631
hemodynamic evaluation, 631

Forssmann’s technique, 4
Fossa ovalis

fluoroscopic landmarks for localizing,
101f

Fourier analysis, 135f
defined, 134t

Four-port coronary manifold, 190f
FOV. See Field of view (FOV)

Fractional flow reserve (FFR)
formulas to predict, 356f
pressure derived, 348f

Freestanding cardiac catheterization labs
guidelines for, 9

Frequency response
characteristics evaluation, 137–138
desirable, 136
deterioration of, 144–145

Frequency response curves, 136f
Frequency response of pressure

measurement system
defined, 134t

Fundamental frequency
defined, 134t

Furosemide (Lasix)
dose, 69t

G
Gantry, 24
Gensini catheters, 223f
GFX stents, 496f, 498
Giant cell arteritis, 262
Giant cell myocarditis, 710–711
Gianturco coil embolization, 626f
Gianturco-Roubin

FlexStent, 497, 523
stents

original configuration of, 493f
Gianturco-Roubin II (GR-II), 498

randomized trial, 497, 497t, 503t
stent, 502

Glucagon
dose, 69t

Glycoprotein IIb/IIIa inhibitors
with coronary stents, 508
guidelines for, 64
meta-analysis, 63f
outcomes, 63t
and thrombocytopenia, 63–64

Glycosides
influencing myocardial contractility,

316t
Gold-coated stents

clinical trials of, 496t
Goodale-Lubin catheters, 111, 111f
Gorlin formula

alternatives to, 181
Great vessels

aortogram, 260f
perforation with diagnostic

catheterization, 50–51
Greenfield filters, 237
Grieshaber wire self-retaining retractor,

108f
GR-II. See Gianturco-Roubin II (GR-II)
Grollman catheters, 238, 238f
Grossman method of

brachial cutdown
vessel repair and aftercare, 116, 116f

Gruentzig catheters, 436
Guardwire, 483–484
Guidewires, 257–258

angioplasty, 345
arteriovenous, 752f
buddy wire, 436
coronary stents, 502
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Guidewires (continued)
flow measuring, 442
high-speed mechanical rotational

atherectomy, 471
hydrophilic, 436
modern, 436
percutaneous balloon angioplasty,

436–437
pressure measuring, 442
probing force, 436
sensor-tipped, 345–347
sensory angioplasty, 346t
shaft support, 436

Guidewire thermodilution blood flow
technique, 349–350

Guiding catheters
deep engagement, 435f
percutaneous balloon angioplasty,

434–435

H
Halsey needle holder, 108f
Halstead curved mosquito hemostats,

108f
Halstead straight mosquito hemostats, 108f
Harmonic

defined, 134t
HCM. See Hypertrophic cardiomyopathy

(HCM)
Headhunter catheters, 258f, 267
Heart

perforation with diagnostic
catheterization, 50–51

Heart block
with endomyocardial biopsy, 404

Heart disease
structural, 5

Heart failure
chronic, 697f
decompensated

from dilated cardiomyopathy, 699f,
700f

diastolic, 711–716
end-diastolic pressure-volume, 712f
left ventricular filling pressure, 700f
with normal left ventricular systolic

function, 288f
HeartMate, 427f
HeartMate XVE LVAS, 706
Heart rate, 336
Heart transplantation, 700–706

assessing pulmonary vascular resistance
prior to, 702

hemodynamic changes after, 704t
hemodynamic profiles after, 706f
hemodynamics after, 697t

Heart valve prosthesis
percutaneous, 651f

Hematomas
with diagnostic catheterization, 43

Hemodynamic data, 124f
Heparin, 498. See also Low molecular

weight heparin (LMWH);
Unfractionated heparin (UFH)

contraindicating interventional
cardiology, 7–8

dose, 65t

Heparin-induced thrombocytopenia, 
53

Heparin induced thrombocytopenia or
thrombosis syndrome (HITTS), 440

Hepatic vein
congenital heart disease, 121

Hexabrix, 32
structure, 32f

High-speed mechanical rotational
atherectomy (Rotablator), 470–472

assembly, 472f
bifurcation lesions, 475
burr, 471f, 472t
calcified lesions, 475
contraindications, 475f
device description, 470–471
guidewires, 471
in-stent restenosis, 474f, 476
jailed side branches, 475
mechanisms of, 473
ostial lesions, 476
procedure, 471–472
resistant calcified lesions, 475f
results, 473–475
undilatable lesions, 475–476

HITTS. See Heparin induced
thrombocytopenia or thrombosis
syndrome (HITTS)

Hockey stick catheters, 194f, 435
Hurthle manometer, 135f
Hybrid resistance units (HRU), 157–158
Hydration

dose, 68t
Hydrophilic plastic-covered guidewires, 

436
Hypaque (Nycomed), 31

structure, 32f
Hypertension. See Primary pulmonary

hypertension (PPH); Pulmonary
hypertension

Hypertrophic cardiomyopathy (HCM),
717–721, 717f, 718f, 719f, 720f

I
IABP. See Intraaortic balloon

counterpulsation (IABP)
Ibutilide

dose, 66t
ICA. See Internal carotid artery (ICA)
IEC. See International Electrotechnical

Commission (IEC)
Iliac aorta

revascularization, 566t
Iliac artery

laceration with diagnostic
catheterization, 45f

occlusions of, 565f
pelvic arteriogram, 275f
selective angiography, 275

Iloprost
for PPH, 689, 690t

Image intensifiers, 257
vs. flat panel detectors

zoom differences, 23f
Image noise, 17
Image quality

exposure parameters, 17

Image receptor dose, 17f
Impella Recover system, 424–425, 424f
Indicator dilution methods, 155–156
Infants

thoracic aorta
coarctation of, 565

Infectious endarteritis
coronary stents, 513

Inferior ST elevation myocardial
infarction, 669f

Inflation pressure, 438
Inflow valvular regurgitation

hemodynamics of, 708f
Infrapopliteal angioplasty, 780–781
Infrapopliteal arteries, 595–596

stenosis, 597f
Infrarenal aorta

revascularization, 566t
Infundibular obstruction, 609

acute, 609
Injection catheters

cardiac ventriculography, 222–224
Innominate arteries (see also

Brachiocephalic), 573–574
Input signal

pressure, 133
Integrilin and Enoxaparin Randomized

Assessment of Acute Coronary
Syndrome Treatment (INTERACT),
59

Intermittent claudication
with PAD, 272
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patient preparation, 8–9
premedication for, 8–9
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Isovolumic pressure decay, 327
Isovue, 32, 238–239

structure, 32f
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Index 799



Left ventricular chamber
pressure tracings, 179f

Left ventricular conductance catheters,
232f

Left ventricular diastolic distensibility
pressure volume relationship, 324–325
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MI. See Myocardial infarction (MI)
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for dilated cardiomyopathy, 701f
dose, 69t
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316t
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v-waves, 642
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catheterization protocol, 638–639
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Mitral valve area
alignment mismatch, 176
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cardiac cath lab, 341
Myocardial blush grade (MBG), 343
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Over-the-wire (OTW) catheters, 437
Oxilan, 32

structure, 32f
Oximetric data, 124f
Oximetry

limitations of, 168–169
Oximetry run, 163–165, 167f, 168f
Oxygen consumption, 152–153

measurement of, 152f
Oxygen content, 153

calculation of, 154f
expected value of, 169t

P
Pacemaker lead
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complications, 627–628
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transcatheter closure of, 617

Patient instructions
radiation, 29
respiration during contrast

ventriculography, 227
PAVM. See Pulmonary arteriovenous

malformation (PAVM)
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long-term hemodynamic results, 550,

550t
mechanisms of, 543
patient selection for, 543–544

anatomic factors in, 544–545
vs. surgery, 550–551
technique, 545

Percutaneous balloon pericardiotomy,
738–740, 739f, 740f
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reactions, 201

dose, 68t
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reactions, 201

for interventional cardiology, 8–9
prior to contrast agents, 52

802 Index



Preserved ejection fraction
MRI ventriculogram, 232f

Pressure derived fractional flow reserve,
348f

Pressure measurement, 133–147
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zero level errors, 146
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right heart pressure tracings, 244f
risk stratification, 679–680
surgical embolectomy, 681–683
thrombolysis, 681–683
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Rigid calcified lesion

dilatation of, 439f
Road mapping, 257
ROBUST trial, 480
Roentgen

defined, 14
Romazicon

dose, 67t
Rotablator, 470–476. See also High-speed

mechanical rotational atherectomy
(Rotablator)

Rotastents, 475, 507f
ostial RCA, 474f

Rotational atherectomy, 462
RQ. See Respiratory quotient (RQ)
Rubicon filter, 484f, 487

S
SAA. See Secondary amyloidosis (SAA)
Saccular aneurysm

thoracic aorta, 769f

804 Index



SAFER. See Saphenous Vein Graft
Angioplasty Free of Emboli
Randomized (SAFER)
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Figure 19.1 Cross-sectional format of a typical IVUS
image. The bright-dark-bright, three-layered appearance
is seen in the image with corresponding anatomy as
defined. “IVUS” represents the imaging catheter in the
blood vessel lumen. Histologic correlation with intima,
media, and adventitia are shown. The media has lower
ultrasound reflectance owing to less collagen and elastin
compared with neighboring layers. Because the intimal
layer reflects ultrasound more strongly than the media,
there is a spillover in the image, which results in a slight
overestimation of the thickness of the intima and a cor-
responding underestimation of the medial thickness.

Figure 19.8 An example of yellow plaque grading by angioscopy. The surface color represents a
lipid-rich core seen through a fibrous cap, and its intensity rises as the fibrous cap thins and becomes
increasingly transparent. (From Ueda Y, et al. The healing process of infarct-related plaques. Insights
from 18 months of serial angioscopic follow-up. J Am Coll Cardiol 2001;38:1916–1922.)



Figure 19.9 OCT images (top) and corresponding histology (bottom) for fibrous (A), lipid-rich (B),
and calcific (C) plaques. In fibrous plaques, the OCT signal is observed to be strong and homoge-
nous. In comparison, both lipid-rich (Lp) and calcific (Ca) regions appear as a signal-poor region
within the vessel wall. Lipid-rich plaques have diffuse or poorly demarcated borders, whereas the
borders of calcific nodules are sharply delineated. (Histologic stainings: Movat Pentachrome,
Masson trichromed, and hematoxylin and eosin from left to right; original magnification 40�).
(Courtesy of Bouma BE, Jang IK, and Tearney GJ.)

Figure 19.10 Raw OCT images (top) and corresponding histology (CD68 immunoperoxidase;
original magnification 100�, bottom) of a fibroatheroma with a low macrophage density within the
fibrous cap (A); and a fibroatheroma with a high macrophage density within the fibrous cap (B).
(Tearney GJ, et al. Circulation 2003;107:113–119.)



Figure 19.11 Follow-up OCT images of drug-eluting stents for de novo (A) and instent resteno-
sis (B) lesions. The high resolution of OCT allows clear visualization of the stents, distinctly identify-
ing each stent strut as well as a very thin neointimal layer covering the drug-eluting stent struts.
(Courtesy of Grube E, and LightLab Imaging, Inc.)

Figure 19.12 Diffuse reflectance NIR spectroscopy. Differences in individual chemical compo-
nent spectra drive differences in the spectra of tissue samples, as shown on this diagram. The top 2
spectra are repeated measurements of a single normal sample, and middle 2 spectra are repeated
measurements of a plaque. The cholesterol peak adds an additional feature to the plaque spectrum.
Consequently, different tissue types can be recognized by examining these spectral patterns.
(Courtesy of Muller JE, and InfraReDx, Inc.)



Figure 19.13 Intravascular thermogra-
phy with an integrated thermography/IVUS
catheter. The system displays a longitudinal
color-coded thermal map of the studied
vessel, superimposed on the lumen border
of the IVUS image (top). (Courtesy of
Akasaka T, and Terumo Corp.)
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