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Preface

In the last decade, invasive procedures in cardiology have blossomed at
an unprecedented rate. There is a sea of facts that has to be organized,
assimilated, and applied for sound cardiac practice. We have come a long
way from our conventional palliative treatment of acute myocardial in-
farction to a much more aggressive stance of contemporary interventional
cardiac care. Patients with cardiovascular instability are not only moni-
tored in a protective environment, but are treated with innovative ap-
proaches requiring aggressive interventions.

The traditional role of the cardiologist has also changed because of
interventional cardiology. Interventional cardiology embraces the appli-
cation of cardiac procedures and active intervention for diagnostic or
therapeutic studies. For example, management of acute myocardial in-
farction could involve early drug therapy to preserve ischemic or stunned
myocardium, thrombolytic therapy for clot dissolution, and acute revas-
cularization by percutaneous transluminal coronary angioplasty. Some
patients may need intra-aortic balloon counterpulsation for stabilization,
whereas still a small number of patients may need electrophysiologic
studies and implantation of antitachycardia devices or automatic defibril-
lators. Eventually, an occasional patient who develops end-stage isch-
emic cardiomyopathy may require cardiac assist devices and cardiac
transplantation.

Interventions have become routine accepted practice. In this book,
emphasis is placed on the indications, techniques, results, and merits of
each procedure. Details of each procedure, instrumentation required, and
the techniques are highlighted. This book is divided into five parts.

Part I discusses general principles of cardiac catheterization, hemody-
namic measurements, cineangiographic views, and coronary angiogra-
phy. Cardiac catheterization is fundamental for all invasive procedures,
and one needs to have a solid background in this procedure before con-
templating interventional cardiology.

Part II deals with diagnostic interventions. These are very important for
precise and accurate determination of cardiac dysfunction. This kind of
hemodynamic or electrophysiologic information is crucial for therapeutic
decisions.

Part III details therapeutic interventions. This is an area where the
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medical technology and complexity of cardiac procedures have grown
exponentially. In this section, the latest technical and therapeutic infor-
mation is provided in a practical format. All the interventional procedures
in pediatric cardiology are discussed at length.

In Part IV the various facets of coronary angioplasty and its applica-
tions in different subsets of patients are discussed in depth. Coronary
angioplasty is a highly technical procedure, requiring greater skills and
care than routine coronary angiography. In this section on coronary inter-
ventions, there is also an explosion of information and technology with
which we should become familiar. An attempt is made to address all these
complex topics in a practical format.

Laser angioscopy and angioplasty are still investigational, but will get
clinical application in the near future. In this field, there will be a starburst
of information and innovations requiring updating. A glimpse into the
future is provided.

Part V deals with cardiovascular crises and their management by acute
pharmacologic interventions. In the setting of a cardiac intensive care
unit, one must not only be knowledgeable about the pathophysiology of
cardiovascular disease, but be well-versed in the pharmacology of cardiac
drugs and their timely and appropriate use. In the management of acute
myocardial infarction, we have come to know time is of the essence, and
acute pharmacologic intervention becomes the ‘‘procedure’ in the se-
lected patient.

Thus, this book aspires to provide the guidelines for the modern cardi-
ologist of today—one who uses modern techniques and technology and
modern drugs for the management and prevention of cardiac disease—
“‘the interventional cardiologist.’’

AMAR S. KAPOOR
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The Scope of Interventions in
Cardiovascular Conditions

Amar S. Kapoor

Introduction

There have been extraordinary changes in our
understanding of the pathophysiology of
myocardial ischemia and acute myocardial in-
farction. The changes are so phenomenal that
we have to change our evaluation and manage-
ment of the patient afflicted with coronary ar-
tery disease. A decade ago, we believed that
fixed atherosclerotic lesions were the main
cause of a reduced blood supply to the
myocardium. There is convincing evidence in
humans that there can be dynamic shifts in
luminal diameter with a resultant change in the
vasomotor tone of the artery. Vasomotor
changes affect epicardial, intramyocardial,
and collateral vessels.

Recently, we have come to realize that pa-
tients with coronary artery disease may have
frequent episodes of silent ischemia along with
symptomatic ischemia or angina. The total
sum of silent episodes and symptomatic epi-
sodes has been called the *‘total ischemic bur-
den.”’! This concept has propelled us to re-
think our existing methods of detecting,
estimating, classifying, and managing angina
pectoris. Cohen! and others have brought to
surface that not only patients with unstable
angina, but even patients with stable angina
pectoris, may have frequent episodes of silent
ischemia at rest and low levels of activity.
This concept will ultimately usher in newer
methods of detecting and classifying ischemia.
One classification, according to Cohen,? in-
cludes primary, secondary, and mixed isch-

emia. Primary ischemia is due to decreased
delivery of arterial blood or oxygen supply to
the myocardium because of increased vaso-
constrictor tone or segmental coronary artery
spasm. Secondary ischemia is due to in-
creased myocardial oxygen demand because
of fixed atherosclerotic stenosis and is usually
brought on by exertion. Mixed ischemia can
be brought on by low-level activity, rest, or
exertion and is due to a combination of seg-
mental spasm occurring at the site of a fixed
atherosclerotic lesion, and there may be in-
creased vasomotor tone in a more diffuse
form.!> There will be new technology for
quantitating total ischemic burden. At the
present time, there are no long-term studies to
inform us of the significance, risk, and progno-
sis due to total ischemic burden.

There is a sequence of pathophysiologic
events during the development of an ischemic
event. After an imbalance in myocardial oxy-
gen supply and demand, a chain of events is
set off representing the ischemic cascade.? Af-
ter the ischemic cascade begins, there is an
overall decrease in left ventricular systolic
function and a decrease in diastolic compli-
ance with an increase in left ventricular end-
diastolic pressure, ultimately culminating in a
silent or symptomatic ischemic episode. When
ischemic episodes are prolonged, they may af-
fect myocardial function at the cellular level
by altering biochemical processes and causing
dysfunction of the myocardial ultrastructure
resulting in a stunned myocardium. Repeated,
prolonged postischemic episodes of stunning



may result in left ventricular dysfunction. The
stunned left ventricular dysfunction recovers
over hours and days. There is another concept
of reversible chronic myocardial ischemia la-
beled ‘‘hibernating myocardium.’’* This con-
cept was introduced by Rahimtoola.’ Hiberna-
tion results from prolonged inadequate blood
flow to a region of the myocardium. Hiberna-
tion can persist for weeks, months, or possibly
years. It is possible that areas of stunned
myocardium could coexist with areas that are
hibernating. The fundamental mechanisms for
both stunned and hibernating myocardium
have not been worked out, but it seems they
are protective mechanisms in that they reduce
the oxygen supply of the impaired myocar-
dium.

It is very plausible that interventions that
improve oxygen supply and restore adequate
blood supply may be therapeutic modalities
for confronting total ischemic burden and
stunned or hibernating myocardium.

More research and new technology will de-
velop to quantify total ischemic burden and
hibernating myocardium, although positron
emission tomography may assess metabolic
viability of the myocardium and predict re-
versibility of wall motion abnormalities.® In
some cases with extensive stunned myocar-
dium undergoing surgical revascularization,
hemodynamic and pharmacologic support,
along with intra-aortic balloon counterpulsa-
tion and a left ventricular assist device, may
be necessary during the operative interven-
tion, when the severely stunned myocardium
is further exposed to prolonged periods of
ischemia.” These therapeutic interventions
will improve patient survival, but further test-
ing is necessary.

Interventions for Coronary
Artery Disease

There have been rapid strides in the evalua-
tion, quantification, and management of coro-
nary artery disease states (Table 1.1). There
have been unprecedented technologic ad-
vances in catheters, balloons, blades, intra-
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TaBLE 1.1. Interventions for coronary artery dis-
ease.

Diagnostic interventions

Coronary angiography

Coronary angioscopy

Stress atrial pacing

Stress echocardiography

Ergonovine provocation test
Therapeutic interventions

Coronary angioplasty

Laser angioplasty

Atherectomy

Intracoronary thrombolytic agents

Intracoronary prosthesis

Surgical coronary revascularization

coronary prosthetic devices, and laser sys-
tems to deal with the atherosclerotic plaque
and intracoronary thrombosis.

Indeed, there have been equally impressive
feats on the pharmacologic front to lyse the
clot with a variety of thrombolytic agents and
other pharmacologic interventions to limit in-
farct size. Very early administration of intra-
venous streptokinase to patients with acute
myocardial infarction has been shown conclu-
sively to decrease morbidity and mortality
when compared with conventional therapy as
shown by GISSI study.?

In the realm of diagnostic interventions,
there has been a steady proliferation of tech-
niques to better define coronary arterial le-
sions and attempts to quantitate acute sympto-
matic and silent ischemic episodes. Our
understanding of the pathophysiology of coro-
nary artery disease syndromes is beginning to
unfold, and recent studies by coronary angio-
scopy will allow better understanding of the
atherosclerotic plaque: how it ruptures and
how the thrombus sets up the stage for various
ischemic and arrhythmic cardiac events. At
this stage of our learning, the pathophysiology
of acute ischemic events is at a higher level
of understanding, although somewhat specu--
lative.

There have been new developments in the
detection and quantitation of coronary artery
obstructions by quantitative coronary angiog-
raphy, digital subtraction angiography, and
coronary interventions such as stress atrial
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pacing and provocative ergonovine tests.
These subjects will be covered in subsequent
chapters.

The contemporary practice of cardiac cath-
eterization is heavily dependent on modern
catheterization technology to perform excel-
lent selective coronary cineangiography and
for detailed evaluation of coronary morphol-
ogy. Coronary angioplasty also has introduced
a whole array of catheters, balloons, and ac-
cessories. The developments in this field are
going to escalate at an exponential rate, and it
is very difficult to predict at this time the opti-
mal armamentarium.

In short, the scope of interventions in the
detection and management of various coro-
nary artery disease syndromes is wide open
and expanding in the direction of innovation,
feasibility, and safety. The cost and benefit of
these procedures and interventions have not
been evaluated properly in a systematic and
controlled fashion.

Interventions for Valvular
Heart Disease

Recent reports by Cribier et al® and McKay et
al'® have documented the feasibility and safety
of balloon aortic valvuloplasty for palliative
treatment of high risk patients with calcific
aortic stenosis (Table 1.2).

Lababidi et al'! initially described the appli-
cation of the balloon dilatation technique in
the pediatric population with congenital valvu-
lar aortic stenosis. Lababidi and his col-
leagues'?>!? extended the principle of balloon
dilatation to coarctation of the aorta and
valvular pulmonic stenosis.

Catheter balloon valvuloplasty of the mitral
valve using a single- and double-balloon tech-
nique in adults has been described, and initial
reports are very encouraging.'4! Catheter bal-
loon valvuloplasty of the mitral valve entails
transseptal catheterization and dilatation of
the interatrial septum for the passage of bal-
loons. This procedure is technically difficult
and requires greater skills and expertise than
performing transseptal catheterization. The

TABLE 1.2. Interventions for valvular heart dis-
ease.

Diagnostic interventions

Cardiac catheterization

Transeptal catheterization

Interventions to evaluate hemodynamic dysfunction
Therapeutic interventions

Mitral valvuloplasty

Aortic valvuloplasty

Pulmonic valvuloplasty

Surgical valve replacement

long-term results of this procedure are yet to
be determined.

The indications and techniques for catheter
balloon valvuloplasty of the aortic and mitral
valves are still evolving and so is the tech-
nology.

Interventions for Arrhythmia
Detection and Management

Sudden cardiac death is the leading cause of
death in the western world and the mode of
exodus is arrhythmic (Table 1.3). Death is
usually attended by ventricular fibrillation or
tachycardia and occasionally bradyarrhyth-
mia. The pathophysiologic pathways in sud-
den cardiac death are inextricably linked to a
vulnerable substrate, electrical instability, and
possibly neuroendocrine activation. It does
seem that there are several facets of sudden
cardiac death, and conditions that predispose

TaBLE 1.3. Interventions for arrhythmia detection
and management.

Arrhythmia detection
Invasive electrophysiologic studies
Electrophysiologic aspects of accessory pathways
Catheter mapping

Invasive arrhythmia management
Antitachycardia pacemakers
Catheter ablation for serious rhythm disturbances
Automatic implanted cardioverter defibrillators
Encircling endocardial ventriculotomy
Endocardial resection
Laser ablation
Cryosurgery




to myocardial dysfunction, such as cardiomy-
opathies, left ventricular aneurysm, and isch-
emic syndromes, may very well form the
sudden death substrate. However, ventricular
arrhythmias may occur independent of left
ventricular dysfunction.

It is very difficult to combat sudden cardiac
death because it occurs within seconds to min-
utes with no warning of impending death.
With the advent of cardiopulmonary resuscita-
tion, many patients are taken to the hospital so
that electrophysiologic and effective pharma-
cologic interventions can be instituted be-
cause empiric therapy has been a dismal fail-
ure. As a result of this, there have been
remarkable developments in the techniques
of programmed stimulation and endocar-
dial catheter recording.'®!” Electrophysiologic
study can provide objective evidence for cer-
tain therapeutic modalities. One can assess
the efficacy of pharmacologic therapy, pace-
maker therapy, and guidance for surgical exci-
sion. Inability to initiate the tachycardia in the
presence of an antiarrhythmic predicts that
the drug will effectively prevent clinical recur-
rences.'®

An alternative to drug therapy is antitachy-
cardia pacemakers, and a prerequisite to pace-
maker therapy is that the arrhythmia can be
terminated by pacing. Several specially de-
signed antitachycardia pacing modalities are
available that use underdrive pacing, auto-
matic scanning, overdrive pacing, and burst
pacing. Mirowski and co-workers'® are cred-
ited with the development and implantation of
the automatic implantable cardioverter defi-
brillator to be used as the electric intervention
in patients with recalcitrant ventricular tachy-
cardia and sudden cardiac death. This device
is highly effective in candidates in whom drug
therapy has failed and in survivors of sudden
cardiac death. Future refinements of the de-
vice are expected and will include miniaturiza-
tion of the generator with built-in programma-
ble functions.

Some patients are candidates for intraopera-
tive mapping and surgical procedures like sub-
endocardial resection, cryosurgery, and laser
ablation of ventricular foci of arrhythmias.

Scheinman and others? described a very
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important innovation in the management of
drug-resistant cardiac arrhythmias by using
catheter ablative techniques. This technique
was used for ablation of the atrioventricular
(AV) junction and more recently has been
used in patients with accessory pathways and
ventricular tachycardia.

It seems that electrical catheter ablation of
the AV junction will supplant the need for car-
diac surgical procedures to disrupt AV con-
duction. There are many management strate-
gies for dealing with supraventricular and
ventricular tachyarrhythmias, so one must
carefully select patients for each therapeutic
modality, and this can best be accomplished
by experienced electrophysiologists.

Interventions to Evaluate and
Treat Cardiomyopathies and
End-Stage Heart Disease

Dysfunction of the myocardium, especially
the dilated or primary cardiomyopathy, is
characterized by a large, dilated heart with im-
pairment of systolic pump function and is of-
ten associated with features of congestive
heart failure. Radionuclide ventriculography
and two-dimensional echocardiography can
assist in establishing the diagnosis. Cardiac
catheterization may reveal elevated left ven-
tricular end-diastolic pressure, pulmonary
capillary wedge pressure, and pulmonary arte-
rial pressure. Pulmonary artery catheteriza-
tion is extremely useful in assessing response
to therapy (Table 1.4).

Endomyocardial biopsy is very useful in
suspected myocarditis or secondary car-
diomyopathies. Endomyocardial biopsy is
also applicable in the evaluation of cardiac al-
lograft rejection, adriamycin cardiotoxicity,
and infilterative cardiomyopathies. The proce-
dure can be performed in a fluoroscopic room
on an outpatient basis. Endomyocardial bi-
opsy is very good for analysis of endocardium
at the cellular and subcellular level and has
been used in research in the areas of receptor
enzymology, immunology, and drug interac-
tions.?2%
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TABLE 1.4. Interventions to evaluate and treat car-
diomyopathies and end-stage heart disease.

Interventions for evaluating cardiomyopathies
Pulmonary artery catheterization
Endomyocardial biopsy

Management strategies for end-stage heart disease
Inotrope and vasodilatory pharmacologic support
Intra-aortic balloon pump counterpulsation
Left ventricular assist devices
Total artificial heart
Cardiac transplantation
Cardiomyoplasty

Severe congestive heart failure will fre-
quently develop secondary to coronary artery
disease or idiopathic dilated cardiomyopathy.
Patients with a catastrophic myocardial infarc-
tion can develop cardiogenic shock with irre-
versible myocardial dysfunction. Mechanical
cardiac assistance and specific pharmacologic
therapy may be necessary to restore adequate
tissue perfusion. Optimal cardiac output could
be restored with inotropic agents and vasodi-
lators.

Mechanical assistance in the form of intra-
aortic balloon counterpulsation is useful in
stabilizing patients when the underlying etiol-
ogy is ischemic. There have been major ad-
vances in the use of mechanical devices to
support cardiovascular circulation. Several
ventricular assist devices are available as
short-term circulatory supports.?® Beside as-
sisting patients with low output syndromes
and cardiogenic shock, the devices are in-
creasingly being used as a bridge to transplan-
tation. Total artificial hearts have been used as
a bridge to transplantation.” A temporary
pneumatic artificial heart was first implanted
by Cooley in 1969 and the patient lived 64
hours,?® but the total artificial heart implanted
by DeVries, the Jarvik-7, was successful in
sustaining life for 112 days.?” These human ex-
periments demonstrated the feasibility of the
pneumatic heart as a temporary or even a per-
manent life-sustaining device for the patient
awaiting definitive treatment, such as cardiac
transplantation.

At present, the use of total artificial hearts
for permanent heart replacement is deferred,
but instead they are being frequently used

along with pulsatile ventricular assist devices
as interim supports before cardiac transplanta-
tion.?® Patients who have benefitted are those
in cardiogenic shock, acute cardiac transplant
rejection, and postcardiotomy patients who
cannot be weaned from extracorporeal circu-
lation.

The National Heart, LLung, and Blood Insti-
tute Artificial Heart Program is funding re-
search on thermally powered ventricular as-
sist devices and fully implantable electrical
total artificial hearts. Complications that have
emerged from use of the Jarvik-7 heart include
strokes caused by thrombi forming at seams
and valve mountings, infection, surgical
bleeding, renal failure, and multiorgan failure.

Cardiac transplantation, on the other hand,
has emerged as an excellent therapeutic mo-
dality for end-stage irreversible heart disease
with I-year survival at 85% on cyclosporine
immunosuppressive therapy.? Infection and
rejection remain the principal complications in
these patients. The donor supply is an impor-
tant limiting factor. Because of the shortage of
donors, various innovative techniques are in
progress to augment cardiac output by car-
diomyoplasty and other techniques.

Conclusion

Conventional modes of therapy have their
own time honored place in the management of
various cardiovascular conditions. The inter-
ventional approach refers to diagnostic and
therapeutic interventions designed to achieve
prompt and accurate diagnosis and immediate
or timely results by nonsurgical and often sur-
gical modes of therapy. Clinical outcomes, ini-
tial and long-term improvement, and progno-
sis by these various interventions need to be
studied by longitudinal, controlled trials. In-
terventions to limit the area of infarction in
acute myocardial infarction have been exten-
sively studied. It has become abundantly clear
that there is a narrow window of time for acute
myocardial infarction intervention for it to be-
come effective. Thrombolytic therapy is a
time-critical intervention, but in patients with
initially successful thrombolysis, urgent coro-



nary angioplasty offers no clear advantage
over delayed elective angioplasty.3!

Interventions in cardiology will be under
scrutiny for several years before getting gen-
eral acceptance. At the present time there is
healthy skepticism for most of the recent diag-
nostic and therapeutic interventions, despite
the fact that there is a tidal wave sweeping the
frontiers of cardiology. The balloon and the
catheter have added tremendously to our ther-
apeutic armamentarium. The blade and laser
are on the horizon.

The scope and future of interventions will
be guided by the need for refinements of the
procedure, the risk and safety to the patient,
the efficacy and benefit of the intervention,
and, most importantly, the ability of the medi-
cal dollar to justify the cost.

In brief, the scope and future role of inter-
ventions in cardiology are taking a giant leap
forward to very complex and sophisticated
technology requiring very specialized skills
for the interventionist.
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Techniques of Cardiac Catheterization
and Coronary Angiography

Amar S. Kapoor

Historical Perspective

The cardiac catheter and the balloon are the
two greatest assets to have revolutionized the
practice of cardiology. They opened a new era
of incredible accomplishments in the hands of
innovative minds and propelled us to the cur-
rent stage of sophistication and excellence
that invasive cardiology enjoys today.
Through invasive techniques with the cardiac
catheter, we have discovered hemodynamic
parameters, disordered cardiac function, the
ravages of atherothrombosis, the effects of
drugs on cardiac performance and, with the
balloon, have ushered us to the current prac-
tice of diagnostic and therapeutic interven-
tions.

In 1929, Werner Forssman conducted a re-
markable experiment that, even by today’s
standards, should be considered a true classic,
difficult to perform, and very revealing. With
fluoroscopic guidance he performed a left anti-
cubital cutdown on himself, advanced a 1929
catheter through the venous system into the
right atrium, and walked down a flight of stairs
to x-ray his heart.! This was truly incredible,
believe it or not, for it demonstrated that cath-
eterization of the human heart was possible,
that a catheter in the heart was safe, and that
resting and exercise hemodynamics could be
studied. Forssman’s objective in his catheteri-
zation studies was to develop a therapeutic
technique for the direct delivery of drugs into
the heart.!

In 1930, Klein performed right heart cathe-

terization, measuring cardiac output by Fick’s
principle. Richards? and Cournard? gave a sci-
entific basis to the hemodynamic study of right
heart in humans. Forssman, Cournard, and
Richards were awarded the Nobel Prize for
their pioneering work in cardiac catheteriza-
tion in 1956.

There was an exponential rise in the discov-
ery of new technologies between 1950 and
1960. Retrograde left heart catheterization
was performed by Zimmerman and associ-
ates.* Seldinger’® introduced the percutaneous
technique in 1953. Ross® developed transsep-
tal catheterization and Sones and co-workers’
introduced selective coronary arteriography in
1967. In 1967, Judkins modified the technique
with preformed catheters and used a percuta-
neous approach. Swan and Ganz?® discovered
a balloon-tipped flow-guided catheter for right
heart catheterization to be performed at bed-
side. In 1977, Gruntzig et al® performed coro-
nary balloon angioplasty.

Techniques using balloons, catheters, and
lasers will blossom in the next decade, and we
will witness manipulation, innovation, and ex-
ploitation of these new technologies. It sounds
like a happy marriage of balloons and cathe-
ters and lasers.

Indications and Risks

Cardiac catheterization has become a routine,
safe procedure for diagnostic and therapeutic
purposes. The indications for the procedure
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have increased tremendously despite the
availability of noninvasive technologies. This
increase is mainly due to therapeutic interven-
tions and characterization of hemodynamic
and anatomic defects, rather than diagnostic
studies. In some selected cases, cardiac sur-
gery may be performed based on noninvasive
data.!® Current indications are summarized in
Table 2.1. In general terms, the need for the
procedure should be established, and the in-
formation and benefit gained from the proce-
dure should be weighed against the risk and
complications of the procedure. The most
common indication for the procedure in most
laboratories is to determine the presence, ex-
tent, or absence of coronary artery obstruc-
tive disease. Conditions that were thought to
be contraindications, such as acute myocar-
dial infarction, cardiogenic shock, and malig-
nant ventricular arrhythmia, have become
indications in the appropriate setting. Indica-
tions for right heart catheterization are cov-
ered in another chapter.

Table 2.2 summarizes the risks and compli-
cations of cardiac catheterization and coro-
nary arteriography. The major complications
are death, myocardial infarction, arterial
thrombosis, serious arrhythmias, and cerebro-
vascular accidents. In general, the complica-
tions of cardiac catheterization relate to the

TABLE 2.1. Indications for cardiac catherization
and coronary angiography.

Coronary artery disease evaluation
New onset or unstable angina
Suspected angina
Angina refractory to medical treatment
Variant angina
Recurrent angina after coronary bypass surgery or
angioplasty
Myocardial infarction complicated by recurrent chest
pain, acute mitral regurgitation, or ventricular
septal rupture
Silent ischemia in heart transplant patients
Positive noninvasive tests in asymptomatic patients
Valvular heart disease
Congenital heart disease for surgical correction
Miscellaneous conditions
Restrictive cardomyopathy
Constricutive pericarditis
Aortic dissection

TaBLE 2.2. Risks and complications of cardiac
catheterization.

Death

Myocardial infarction

Cerebrovascular complications

Vascular complications (thrombosis, hematoma, dissec-
tion, pseudoaneurysm)

Pulmonary edema

Ventricular tachycardia/fibrillation

Cardiac tamponade

Vasovagal reaction

Contrast agent reactions and nephrotoxicity

Retroperitoneal hemorrhage

Phlebitis and infection

Pyrogen reactions

experience of the cardiac catheterization
team, and the caseload of high-risk, unstable
patients. In large series and in the Registry
report from the Society for Cardiac Angiogra-
phy, morbidity was 1.2% and mortality was
0.1% to 0.2%.'"1? This low rate of complica-
tions is for diagnostic studies and these rates
will be higher for interventional and therapeu-
tic studies. So far, there is no collaborative
effort to compile the complications of inter-
ventional studies.

Other complications include acute left ven-
tricular failure, cardiac tamponade, contrast
reaction, arterial dissection, hematoma, infec-
tion, and heart block or cardiac arrest. These
can be minimized, identified, and treated
promptly by the experienced team.

Catheterization Suite

A modern cardiac catheterization laboratory
should have availability of modern x-ray
equipment capable of cineangiography with a
rotational device incorporating the parallelo-
gram principle. Some of the requirements for a
standard catheterization facility are contained
in reports of the Intersociety Commission for
Heart Disease.!? Standard equipment includes
fluoroscopy with video monitoring, multichan-
nel physiologic recorder, power injector, cine
film processor, viewer, computers for online
analysis of data and preparation of the report,
and oximetry equipment. A wide range of di-
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agnostic catheters, guidewires, needles, in-
troducers, transducers, cutdown trays, and
emergency cart with drugs and defibrillators
all should be available.

Digital subtraction angiography holds a very
promising future and should be considered in
setting up a new laboratory.

In laboratories where interventional units
are mushrooming, there is almost a mandatory
need for having in close proximity the immedi-
ate availability of cardiac surgical backup fa-
cility. This is in the best interest of the patient
for expeditious and timely surgical recourse in
the event of misadventure during the proce-
dure.

The newer interventional units will be so
designed so that they could be activated to be
an operating suite instantly; the patient does
not leave the unit but the operating team re-
places the catheterization team.

Catheterization Protocol

In laboratories with a heavy case load, a well-
designed written protocol is essential to mini-
mize mistakes and complications (Table 2.3).
The protocol should address the plan for the
study, patient preparation and premedication,

TABLE 2.3. Catherization protocol.

Patient preparation
Informed consent
Fasting after midnight
Scrub and prepare right groin/anticubital fossa
Patient to void before transferred to stretcher
Precatheterization medications
Sedatives (valium or benadryl)
Atropine 0.4 mg IM
Precatheterization laboratory
ECG, chest x-ray
BUN, creatinine, electrolytes and hemoglobin, PT,
PTT
Study plan
ECG and blood pressure monitoring
Selection of catheters and vascular access
Right heart hemodynamics and cardiac output mea-
surements precede left heart catheterization
Coronary angiographic views

IM = intramuscularly; ECG = electrocardiogram; BUN
= blood urea nitrogen; PT = prothrombin time; PTT =
partial thromboplastin time.
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and laboratory preparation. The patient
should be screened for pertinent physical find-
ings, medical history, laboratory data, and the
type and depth of information required from
each study. The general principles of cardiac
catheterization require arterial pressure mea-
surement be available for continuous display,
hemodynamic and saturation studies be done
before angiographic studies, and pressure
measurements with cardiac output determina-
tions be performed at the same time, if possi-
ble. High-risk patients should be identified so
that a specific, safe plan can be tailored to
their needs. Patients with left main disease,
high-grade, three-vessel coronary artery dis-
ease, critical aortic stenosis, and severe left
ventricular dysfunction constitute a high-risk
subset of catheterization case load. It is im-
portant to limit the number of contrast me-
dium injections and the duration of the study
in these patients. It may be necessary to per-
form limited but carefully selected views for
coronary arteriography in patients with criti-
cal left main coronary artery disease. One may
question the advisability of left ventriculog-
raphy in patients with elevated left ventricular
end-diastolic pressures and critical aortic ste-
nosis. Patients with diabetes and renal failure
should be carefully prepared for the study,
and the volume of contrast material should be
minimized. Newer contrast agents with the
least nephrotoxicity are being developed.

The operator also has to select the approach
(brachial or femoral) for the procedure and the
type of catheters to be used. A well-designed
protocol will obviate many mistakes and re-
duce the complication rate. The best princi-
ples and procedural details are found in text-
books of cardiac catheterization.!*!3

Techniques of Left Heart
Catheterization

Catheterization is performed commonly by
the percutaneous Seldinger technique using
the femoral artery for access. Other percuta-
neous arterial access routes include the bra-
chial or axillary artery. Many cardiologists are
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trained to perform left heart catheterization by
Sone’s technique with brachial arteriotomy.
Transseptal entry can be performed in some
selected cases. With Sone’s technique, the
coronary arteriograms are usually performed
first and then ventriculography.

Sone’s Technique

The brachial artery is identified, local anesthe-
sia is infiltrated in the skin, and subcutaneous
and deeper tissues and the arteriotomy site
should be rendered painless. Just proximal to
the flexor crease a transverse incision is made,
tissues are separated, and the appropriate vein
and artery are exposed, isolated, and tagged.
A transverse incision is made into the vein
with small scissors, and the catheter is intro-

13

duced with the aid of a catheter introducer.
The catheter is aspirated, flushed, connected
to the side port of a manifold, and advanced to
the right heart for various studies. Right heart
catheterization is discussed in another chap-
ter, so I will concentrate on left heart catheter-
ization.

Next the brachial artery is incised trans-
versely with a number 11 surgical blade, a left
heart catheter is inserted and advanced a short
distance. The catheter is aspirated and flushed
and 3000 units of heparin solution are adminis-
tered into the distal brachial artery. The cathe-
ter is advanced to the ascending aorta above
the aortic valve. The operator may have to use
different maneuvers to navigate the catheter
from the subclavian artery into the ascending
aorta. The catheter should never be forcibly

9

FIGURE 2.1. A) Catheterization of the left coronary
artery by Sone’s technique. The left coronary os-
tium is engaged by gentle up and down movements
of the catheter. B) For engagement of the right cor-

2 3

onary artery, clockwise torque is applied. (Repro-
duced by permission from Ara Tilkian, Cardiovas-
cular Procedures and St. Louis, C.V. Mosby Co.,
1986.)
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advanced. Frequently a soft J-tipped guide-
wire will direct the course of the catheter. The
catheter is connected to the manifold system,
pressures are recorded, contrast media is
filled, and the catheter advanced is to the left
sinus of Valsalva in the left anterior oblique
projection. The process forms a J-loop in the
right aortic cusp. The left coronary ostium is
engaged by gentle up and down movements of
the catheter, while maintaining the J-tip con-
figuration. When the tip motion is reduced, it
is indicative of ostial engagement (Fig 2.1A).
Contrast medium is injected to check the posi-
tion and stability of the catheter. Left coro-
nary arteriography is performed in multiple
planes with manual injections of 6 to 7 ml per
injection with a steady hand and thumb pres-
sure. The injections are made during full inspi-
ration; after the injection, patients may need
to cough.

For selective engagement of the right coro-
nary orifice, clockwise torque is applied with
gentle up and down motions of the catheter.
This displaces the catheter tip from the left
ostium; the tip slants, moving in its clockwise
sweep of the anterior wall of the aorta, and at
this time no more torque is applied and the
catheter tip will engage the right coronary os-
tium. Right coronary arteriograms are per-
formed in multiple views with 5 to 6 ml of
contrast agent. Before injections, it is impor-
tant to see that the pressure does not damp
(Fig 2.1B).

Next, the catheter is withdrawn above the
sinus of Valsalva and then advanced across
the aortic valve to the left ventricle. A long
loop may be necessary to avoid the coronary
arteries. The catheter tip is pushed against the
aortic valve and then the catheter is moved in
to-and-fro excursions while rotating it over the
entire plane of the valve. The NIH soft-tipped
catheter may be prolapsed into the left ventri-
cle.!* The catheter tip should be directed to-
ward the apex, a pressure recording should be
undertaken simultaneous for valvular condi-
tions, and repeat pressures will be necessary
at the time of cardiac output determinations
and after ventriculography.

Ventriculography is performed usually in
the right anterior oblique projection with 30 to
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40 ml of contrast agent with a power injector
at a rate of 8 to 12 ml/sec.

Arteriotomy Repair

The left heart catheter is removed, a check is
made for free bleeding from the proximal and
distal segments of the brachial artery, and a
Fogarty embolectomy catheter is used. This is
followed by heparinized flush in both the prox-
imal and distal segments which are then
clamped with bulldog clamps. Tevdek suture
material is used to close the arteriotomy, and
stitching can be continuous or interrupted.
Stay sutures are initially placed at each end of
the arteriotomy, and bulldog clamps are re-
moved. The radial pulse should be palpable; if
there is any leaking of blood, direct finger
pressure should be applied for 3 to 5 minutes,
and if it continues to leak, an additional suture
should be stitched. The wound is flushed. The
wound is closed using a subcuticular stitch,
preferably 4-0 Dexon. Betadine ointment is
placed on the wound site and covered with a
dressing. The patient is then transferred to a
holding area where the patient is given fluids.

It is very important to examine the radial
pulse. If it is absent, the patient is given sub-
lingual nifedipine and aspirin and is observed
overnight. The next morning, the pulse is usu-
ally present. This transient disappearance of
the pulse is due to vascular trauma and spasm.
Sometimes ischemia may set in and the pulse
is absent. At this time, it is important to get a
vascular surgeons’s consultation for correc-
tive intervention, or you may want to reopen
the artery and use the Fogarty embolectomy
catheter in both directions.

Percutaneous Approach
of Judkins

The catheter selection and procedure plan are
discussed with the cardiac catheterization
team. Usually three catheters are required by
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the Judkins technique. They are preformed
catheters and come in different sizes. Catheter
size selection is based on the patient’s chest x-
ray, body size, and the aortic root dimension.
Usually with a normal aorta, a size 4 catheter
will suffice, but in a Marfanoid aortic root,
large size catheters (7-9) may be necessary. In
an uncomplicated patient, I normally perform
left ventriculography followed by left coro-
nary angiography and the right coronary
study. However, in patients who are unstable
or with suspected left main coronary artery
disease, a left coronary study is performed
first followed by right coronary study and then
the left ventriculogram.

The femoral artery is punctured 2 cm below
the inguinal ligament. After adequate local an-
esthesia is given, 10 to 15 ml of 1% xylocaine
should be administered to the skin and subcu-
taneous and deeper tissues. One can use the
Seldinger needle or disposable percutaneous
Potts-Cournand or Cook needles. With the
Seldinger technique, the needle is advanced to
the periosteum, the obturator is removed, and
the needle is withdrawn until it reaches the
lumen of the artery and pulsatile blood gushes
out. A J-guidewire is advanced slowly and
cautiously into the needle and then if there is
no resistance, the guidewire is advanced to the
diaphragm. The needle is removed and a dila-
tor is introduced or a 7-Fr or 8-Fr dilator
sheath is introduced over the wire. The pigtail
catheter or the left Judkins catheter is loaded
over the wire. The wire is held fixed toward
the left as the catheter is advanced. If the
sheath is used, it is aspirated and flushed. The
pigtail catheter is aspirated, 2000 to 3000 units
of heparin is injected, and it is connected to
the manifold system where pressures are re-
corded and the pigtail is then advanced across
the aortic valve to the left ventricle. If the
catheter does not cross the valve, a loop may
have to be formed then the catheter with-
drawn and it will fall across the valve with
some pressure. If the catheter has no torque
and pushability, use the guidewire to stiffen it.
Occasionally a straight 0.038-inch guidewire is
used to cross a stenotic valve. If the valve is
very stenotic, different catheters may be used,
for example, the right Judkins with a straight

wire. Once the catheter is in the ventricle, it is
aspirated, flushed, and connected to the mani-
fold for prompt pressure measurement. To
avoid clotting in the catheter, the wire is timed
for 2-minute intervals at which time it is re-
moved, cleaned, and the catheter vigorously
aspirated and flushed. This should be an ob-
session to prevent systemic embolization of
formed clots in the catheter.

Before ventriculography, baseline pressure
recordings, preferably simultaneous left ven-
tricular and pulmonary capillary wedge, or
femoral artery pressure in the case of aortic
stenosis, should be recorded at different
speeds. Ventriculography is performed in 30°
right anterior oblique or 60° left anterior
oblique, with cranial angulation, if needed,
with a power injector. For a good quality ven-
triculogram, the pigtail catheter should be ad-
vanced toward the apex. Amount of contrast
used need not exceed 40 ml at a rate of 8 to 12
ml/sec.!6

After ventriculography, the pigtail is con-
nected to the manifold and pullback pressures
are recorded from left ventricle to aorta. The
pigtail catheter is exchanged for the left
Judkins’ catheter. A similar method is used to
advance the left Judkins’ catheter to the as-
cending aorta. The catheter is filled with con-
trast medium. The catheter is advanced care-
fully down the medial wall of the ascending
aorta and the catheter will seek the left coro-
nary ostium without any manipulation (Fig
2.2). Inject a small amount of contrast media
to check catheter and tip position. Left coro-
nary angiograms are performed in multiple
views with 6 to 10 ml of contrast agent. The
patient may be asked to cough to combat the
hypotension and bradycardia that may accom-
pany each injection. The left Judkins’ catheter
is removed and replaced with a right Judkins’
catheter. This catheter is advanced to the as-
cending aorta above the level of the aortic
valve. Then a gentle clockwise torque is ap-
plied to the catheter hub. As the catheter ro-
tates, it will fall into the right sinus of Valsalva
(Fig 2.3). At this time, the rotation should be
slowed and the catheter tip will drop into the
right coronary ostium. Pressure is checked,
contrast injected to ascertain tip position, and
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coronary artery using

Judkins’ technique with Judkins’ or Amplatz’ type catheters.

coronary angiograms performed in multiple
projections with 4 to 6 ml of contrast agent.

Selective engagement of the right coronary
ostium may require manipulation or a change
to a different size or different catheter. It will
require experience to master right coronary
ostial engagement with the Judkins’ technique
(Fig 2.4). A modified right Amplatz’ catheter
is an excellent choice for right coronary stud-
ies.

According to Judkins, ‘““‘No points are
earned for coronary catheterization—the
catheter knows where to go if not thwarted by
the operator.”’'” In most cases, the Judkins’
technique is much easier than Sones and is the
technique of choice in most centers perform-
ing high-volume coronary arteriograms. By
the way, this technique is also possible via
brachial or axillary artery approaches.

After completion of the study, the catheter
and sheath are removed, hemostasis is estab-
lished with 10 minutes of manual pressure,

4

and the patient is then transferred to a holding
area for further observation.

Bypass Graft Catheterization

The right Judkins’ catheter can be used for
engagement of the saphenous vein bypass
conduit or internal mammary artery. Often a
modified right Amplatz catheter is successful
for selective catheterization of vein grafts.
There are also other special vein graft cathe-
ters.

It is important to know the aortic insertion
of the grafts. The aortic insertion of the graft
to the right coronary artery is most anterior
and lowest. Above it in a posterolateral posi-
tion is the origin of the graft to the left anterior
descending, and above it is the graft to the
obtuse, marginal, and diagonal arteries.

Many operators perform an aortic root angi-
ogram to locate the origin of the grafts and

J

FIGURE 2.3. Selective engagement of right coronary ostium using

Judkins’ catheter.
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FIGURE 2.4. In patients with Shepherd’s crook
anomaly, a left Amplatz’ catheter may be required.

then seek individual grafts. The catheter is
slowly advanced or withdrawn until it engages
in a graft ostium. Graft and native coronary
angiography can be performed using a
Schoonmaker catheter.'®

Selective catheterization of internal mam-
mary artery grafts is achieved by a preformed
left internal mammary artery catheter. The
catheter is placed in the aortic arch with its tip
pointing down and is rotated counterclock-
wise until it falls into the left subclavian ar-
tery. The tip is rotated anteriorly until it en-
gages the origin of the left internal mammary

artery. For right internal mammary artery
connection, the catheter is rotated counter-
clockwise at the orifice of the right innominate
artery until it engages the orifice of the right
internal artery. Hexabrix, a newer contrast
agent, is preferred because it does not cause
patient discomfort or anterior mammary chest
pain. Anteroposterior or shallow left anterior
oblique projections will display internal mam-
mary arteries (Fig 2.5).

Coronary Angiography for
Percutaneous Coronary
Angioplasty

Identification, opacification, anatomic defini-
tion, isolation, and details of target vessel for
angiography are a demanding prerequisite for
successful coronary angioplasty. According to
Sones, ' the angiographic goal of coronary an-
giography was ‘‘selective opacification of both
coronary arteries in appropriate projections to
assure that all major segments of the coronary
tree are adequately visualized in a plane per-
pendicular to the x-ray beam.’’ However, for
coronary interventions, it is crucial to have a
detailed angiographic study. This will assist in
accurate interpretation of the anatomic lesion,
assist in catheter selection, and facilitate

FIGURE 2.5. Selective catheterization of left and right internal mam-
maryarteriesusingapreformedleftinternalmammary artery catheter.
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TABLE 2.4. Guidelines for cineangiography projec-
tions.

Left main coronary artery
AP for ostial lesion
Shallow RAO 10-15° with caudal angulation of 15° for
mid- and distal left main lesions
LAO 30° with 10-15° cranial for proximal left main
LAD artery
LAO 45-50° with cranial 15-20° for proximal LAD
and origin of diagonal branches
RAO 20-30° with cranial 20° for mid-LAD and origin
of diagonal branches
LAO 40-50° with caudal 10-20° (‘‘spider view") for
proximal LAD and circumflex
Left lateral projection for proximal and distal LAD
Circumflex artery
RAO 15-30° with caudal 10° for proximal to mid-
circumflex
RCA
LAO 40° for proximal and mid-RCA
RAO 30° cranial 10° for distal RCA and posterior
descending artery

LAO = left anterior oblique; AP = anteroposterior;
RAO = right anterior oblique; LAD = left anterior de-
scending; RCA = right coronary artery.

guidewire and balloon placement, thereby
making the procedure safe and efficacious.

Table 2.4 gives guidelines for different pro-
jections and views to be obtained for better
anatomic definition. Usually the left anterior
descending artery is very difficult for adequate
definition and isolation of the lesion because
of multiple septal, diagonal, and overlapping
side branches and ramus intermedius if
present.

A routine right anterior oblique projection
with caudal angulation will assist in the views
to be taken. This view will allow separation of
diagonal and left anterior descending. This
view is also very good to define obtuse mar-
ginal branches and midcircumflex lesions. To
define the proximal left anterior descending, a
spider view with 10 left anterior oblique and
steep caudal angulation will define the proxi-
mal anatomy.

Digital subtraction angiography, which al-
lows greater magnification, is very useful in
showing branch separation and the intra-
luminal passage of the guidewire.?
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Interpretation of the
Coronary Angiogram

Misinterpretation of the angiographic studies
is frequently seen. The usual pitfalls in misin-
terpretation are an inadequate number of pro-
jections, an inexperienced operator, superse-
lective injection, catheter-induced spasm,
myocardial bridges, flush lesions, and ectopic
origin of the coronary artery.2!:22.23

For appropriate interpretation, the angio-
grapher must in a systematic fashion assess
the extent of the coronary artery disease, the
severity of the disease, location of the ob-
structive lesions, and the length of the lesions.
It is, however, imperative that a coronary
stenotic lesion be evaluated using multiple
views to visualize the lesion in full. The most
common cause of underestimation of the le-
sion is the geometric shape of the lesion. For
this reason, one can use the mean value of the
estimated stenosis from two or three different
views on the coronary angiogram. Consider-
able inter- and intraobserver variability exists
in the interpretation of coronary angio-
grams.?*? Interobserver variability is the
highest in the interpretation of lesions in the
circumflex artery and least for left main coro-
nary artery lesions.?® Observer agreement is
generally good in patients with normal arteries
or in critically severe lesions, that is, 95 to
100% occlusion. The most variability occurs
with borderline lesions, that is, 40 to 60%
occlusion.

The current classification of single-, double-,
or triple-vessel or left main coronary artery
disease is a practical means of assessing the
extent of disease but it does not allow quantifi-
cation of the myocardium at risk. Gensini?’
devised a system that considered the increas-
ing severity of lesions, the cumulative effects
of multiple obstructions, the significance of
their locations, the influence of collaterals, the
size of distal vessels, and the amount of
myocardium in jeopardy. This may appear to
be tedious, but in laboratories equipped with
computers this scoring system is meaningful
because it provides an accurate stratification
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KAISER PERMANENTE REGIONAL CARDIAC CATHETERIZATION LABORATORY
ID:

NAME: : Page: 1
REPORT: Coronary Angiography 10/27/1987 11: 45: 43 hrs
PHYSICIAN:
Anatomy of native coronary arteries:
Dominance: Right
LAD branches: Diag 1....small Diag 2....small Dist LAD..medium
Cx branches: ObMarg 1..small ObMarg 2..small Dist Cx...small

Right Coronary Artery:
Mid RCA...100X discrete stenosis
Dist RCA...normal
Left Main Coronary Artery:
LMCA ...100% discrete stenosis
Left Anterior Descending: Normal
Left Circumflex Artery: Normal

Collateral Circulation: From -—-->-->--> To
Conus -—=> Dist LAD
Conus ---> Dist Cx
ObMarg 1 -——-> R PDA

Assessment of Vessels with Lesions > 50%
Suitability Of Distal
Vessel For Bypass

RCA............ Suitabie
LAD............ Suitable
CX.vvvinnnnnn. Suitable

FIGURE 2.6. Example of computer-generated tabular summary of coronary angiographic findings.

FIGURE 2.7. Computer-assisted printout of coronary diagram with associated le-
sions and collaterals.
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of patients according to the functional signifi-
cance of their disease.

Direct measurement using a digital caliper
or automated edge detection will offer consis-
tency and remove the observer variability fac-
tor.22? Selective coronary angiograms can be
obtained with computer processing. A poten-
tial benefit of computer processing of coro-
nary angiograms is the computer’s ability to
enhance the images and severity of coronary
artery stenosis readily quantitated.’® Quantita-
tive coronary arteriography is discussed in an-
other chapter. A computer-assisted method
for reporting coronary angiographic findings
was developed by Hewlett-Packard and Stan-
ford University Medical Center.’! Lesion se-
verity, type and length of lesions, distal vessel
anatomy, collateral circulation, and coronary
bypass grafts can be incorporated in the coro-
nary diagram with a touch input system. This
computer-assisted method for reporting coro-
nary angiographic findings can be digitally
stored for database storage and subsequent re-
trieval and eliminates the need for narrative
report by providing a tabular summary and
graphic output. This system is operational at
Kaiser Medical Center in Los Angeles and is
extremely efficient in conveying information
to the referring physician and the cardiac sur-
geon. Figures 2.6 and 2.7 are examples of the
computer-assisted coronary diagram and the
tabular summary.

Coronary Morphology

Coronary artery lesions can be concentric le-
sion with symmetric hourglass narrowings, ec-
centric lesions with asymmetric narrowings
with smooth or scalloped borders, and com-
plex lesions with multiple irregularities. Pro-
gression of coronary artery disease is a fre-
quent occurrence in patients who are stable
and in a matter of months become unstable.
We exactly do not know what triggers the ac-
celeration of coronary artery disease, but it is
conceivable that certain lesion configurations
may be responsible for the progression of dis-
ease and change of symptoms. Pathologic and
clinical studies indicate a high incidence of
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thrombus formation over disrupted athero-
sclerotic plaque.32-33:3¢ Eccentric lesion with ir-
regular borders or complex lesions with multi-
ple irregularities within a vessel are a common
morphologic feature in patients who develop
unstable angina.?® This kind of lesion can pro-
gress rapidly from an insignificant lesion to a
critical one. It probably represents a partially
occlusive thrombus or a disrupted atheroscler-
otic plaque. It seems that antiplatelet agents
may be effective in combating these rather ag-
gressive and progressive lesions.
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Coronary Blood Flow and Coronary

Vascular Reserve

Terrence J.W. Baruch, Amar S. Kapoor, and Peter R. Mahrer

Introduction

The severity of coronary artery disease (CAD)
has traditionally been evaluated by assessing
coronary artery anatomy and left ventricular
function during cardiac catheterization. The
reduction in coronary artery blood flow
caused by a particular stenosis has been in-
ferred from its appearance on coronary arteri-
ography.! It is now well known that the visual
estimation of coronary artery stenosis is inac-
curate and poorly reproducible because of in-
ter- and intraobserver variation. It also has
been shown that the physiologic effects of the
majority of coronary obstructions cannot be
determined accurately by conventional angio-
graphic appearance.? Human coronary vascu-
lar reserve correlates poorly with percent di-
ameter stenosis and geometry of the lesions.
Because of this, the hemodynamic effect of
a coronary stenosis on coronary blood flow
must be determined to assess the severity of a
particular coronary obstruction. This has be-
come even more important with the develop-
ment of percutaneous coronary angioplasty as
an effective treatment for coronary artery dis-
ease. Knowledge of the hemodynamic signifi-
cance of a particular lesion is essential in de-
ciding whether an intervention should be
performed. There is a considerable amount of
interest in measuring coronary blood flow in
the baseline resting state and during vasodila-
tory provocation, that is, measuring the coro-
nary flow reserve, with the intent of providing
an independent means for assessing the hemo-

dynamic significance of a particular stenosis.
Obtaining these data allows for more precise
decision making regarding the choice of ther-
apy for a particular patient.

We review the basic principles of coronary
blood flow and traditional techniques which
have been used to quantitate it. The concept
of coronary flow reserve and its usefulness in
evaluating the hemodynamic significance of
coronary artery stenoses will also be dis-
cussed. Finally, the currently available tech-
niques for determining the effectiveness of
percutaneous transluminal coronary angio-
plasty in improving coronary flow reserve in a
stenotic coronary artery are examined.

Coronary Artery Blood Flow

Normally, the coronary artery tree is made up
of large epicardial blood vessels and smaller
intramyocardial arterioles. Coronary artery
blood flow may be expressed as the ratio be-
tween transmyocardial perfusion pressure and
coronary vascular resistance. Transmyocar-
dial perfusion pressure is equal to the pressure
gradient between the coronary arteries and the
coronary sinus. If left ventricular filling pres-
sures are normal, then the coronary perfusion
pressure can be approximated by the mean
aortic pressure.> However, the use of the
mean aortic pressure tends to overestimate
the driving pressure when ventricular filling
pressures are elevated. As left ventricular
diastole pressure increases, coronary flow will
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decrease because of a change in coronary per-
fusion pressure. As a consequence, the differ-
ence of mean arterial pressure and pulmonary
capillary wedge pressure has been used to es-
timate coronary artery perfusion pressure in
the face of increased left ventricular filling
pressures.? There are three major factors that
can affect transmyocardial perfusion pressure.
First, there are factors that reduce aortic dias-
tolic pressure, such as an arteriovenous shunt,
a patent ductus arteriosus, or aortic regurgita-
tion. Second, there are factors that raise ven-
tricular diastolic pressure. This can occur with
disorders that increase preload (cardiomy-
opathies) or increase afterload (hypertension
with left ventricular dysfunction or with di-
minished left ventricular compliance). Third
are circumstances that can increase left ven-
tricular systolic pressure as in the case of aor-
tic stenosis or obstructive hypertrophic car-
diomyopathy.*

Coronary vascular resistance is defined as
the passive force exerted in opposition to cor-
onary artery flow. The total coronary vascular
resistance is made up of three major compo-
nents, namely, the resistance of the epicardial
vessels, the resistance of the intramyocardial
arterioles, and the resistance that results from
compression of the coronary vessels during
systole. It is this systolic compressive force
that is responsible for the marked decrease in
flow in the left coronary artery during systole
and expresses the phasic nature of coronary
blood flow.

Under normal conditions, resistance in epi-
cardial vessels is low and does not contribute
in the regulation of coronary artery blood
flow. However, in the presence of coronary
artery disease with significant epidardial ste-
nosis, the effect on coronary blood flow be-
comes crucial, as will be discussed later. The
resistance in the intramyocardial arteries and
arterioles is the major determinant of coronary
vascular resistance and therefore coronary
blood flow. The tone of these ‘‘resistance ves-
sels’’ is affected by a number of factors, which
are summarized in Table 3.1.

Neurologic control of coronary vascular
tone is mediated through both the sympathetic
and parasympathetic nervous systems. Alpha-
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TABLE 3.1. Factors that control coronary vascular
resistance.

I. Neural factors
a) Sympathetic nerves
(i) «; and a, receptors cause vasoconstriction
(ii) B, and B, receptors mediate vasodilation
b) Parasympathetic nerve stimulation via vagus
nerve cause vasodilatation
II. Myogenic factors
Augmentation of resistance via the Bayliss effect
(only modest effect)
111. Metabolic Factors
Adenosine
Carbon dioxide
Hydrogen ion
Prostaglandins
Other vasodilator metabolites
IV. Endothelial-mediated coronary vasodilatation
Endothelial-derived relaxant factor
V. Systolic compression
Induces vasoconstriction

receptor stimulation via sympathetic nerve fi-
bers will result in coronary vasoconstriction,
whereas beta-receptor stimulation will result
in vasodilation. Stimulation of parasympa-
thetic receptors also will lead to coronary ar-
tery dilatation. However, although the effect
of autonomic innervation on coronary blood
flow has been demonstrated in vitro and in
animal preparations under physiologic condi-
tions, the effects of this are probably not sig-
nificant.*

If the perfusion pressure is experimentally
increased, a corresponding increase in coro-
nary blood flow will occur. This augmented
flow, however, is transient with an abrupt de-
cline in blood flow back to baseline levels.
This phenomenon is known as autoregulation
and it is the main mechanism for modulating
coronary artery blood flow at constant levels,
despite variations in the driving pressure.*

There are many factors that are thought to
mediate autoregulation. If vascular smooth
muscle is stretched as a result of increased
blood flow, it will then contract causing blood
flow to diminish. This phenomenon is known
as the myogenic mechanism or the Bayliss ef-
fect and is thought to contribute to the process
of autoregulation. Whereas myogenic factors
have been shown to be important in regulating
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blood flow in many vascular beds, its rate in
the coronary circulation is still controversial.’

Autoregulation is mainly modulated by
metabolic processes. An important metabolic
regulation of vascular tone is oxygen. It has
been well demonstrated that there is a close
correlation between myocardial oxygen con-
sumption and coronary artery blood flow.b
Hypoxia has been shown to cause vasodila-
tion in many different systemic arteries.” It is
presumed to cause vasodilation by modifying
the electrochemical potential of the smooth
muscle cells.*

Another metabolic factor thought to play an
important role in autoregulation is adenosine.
This potent vasodilator is found when myocar-
dial cells are unable to resynthesize ATP. By
blocking the entry of calcium into the sarco-
lemma of myocardial cells, adenosine causes
vasodilation which in turn will increase coro-
nary blood flow.°

There are other substances that are thought
to be potential mediators of the autoregulatory
process; among them are prostaglandins, ki-
nases, hydrogen ions, and potassium. The rel-
ative contributions of these factors are still not
completely known.

Traditional Methods for
Evaluating Coronary Blood Flow

The realization of the importance of evaluat-
ing the hemodynamic effects of various dis-
ease states on the coronary blood flow has led
to the development of a number of techniques
for measuring blood flow in conscious hu-
mans.

The electromagnetic flow meter can be
placed around an epicardial coronary artery
and accurately measures phasic coronary ar-
tery blood flow velocity. The electromagnetic
flowmeter is able to detect rapid changes in
coronary blood flow (CBF) and has been used
extensively in animal experiments investigat-
ing the hemodynamics of blood flow. It also is
used at the time of coronary artery bypass sur-
gery to determine the adequacy of flow in cor-
onary bypass grafts. Its disadvantage is that it
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must completely encircle a vessel requiring
surgical dissection of the coronary artery, and
therefore cannot be used to evaluate CBF in
unanesthetized humans.®

In 1981, Marcus et al® developed a safe and
easy method for measuring phasic coronary
velocity at the time of cardiac surgery. A Dop-
pler probe attached to a silicone suction cup is
used to assess CBF in native coronary arter-
ies, as well as in bypass grafts. Measurement
of CBF velocity with this technique showed a
strong correlate when compared with estab-
lished methods of CBF measurement, such as
timed venous collection, the electromagnetic
flowmeter, and vasoactive microsphere. Its
major disadvantage is that it measures CBF
velocity and not absolute CBF. Another dis-
advantage, as with the electromagnetic flow-
meter, is that it can only be used at the time of
coronary artery bypass surgery.

The two techniques just mentioned allow di-
rect measurement of epicardial blood flow but
are limited in that they cannot be used to as-
sess CBF in conscious humans at the time of
cardiac catheterization. During past 3 decades
there has been a search for a technique that
allows measurement of CBF in unanesthetized
humans. The techniques now available for
achieving this can be divided into the follow-
ing four groups: First, there are methods that
use diffusible gases. Second, there are meth-
ods using substances that actively enter the
cell. Third, there is the measurement of coro-
nary sinus blood flow by continuous thermodi-
lution. Finally, there are methods to measure
phasic coronary flow by means of videoden-
sity or continuous wave Doppler.'?

The use of diffusible indicators for assessing
CBF involves the injection of physiologically
inert, freely diffusible substances into a coro-
nary artery. Flow is then determined by
myocardial uptake or washout of these indica-
tors. The rate at which these substances are
taken up or washed out can be determined by
coronary sinus sampling or by external scintil-
lation scanning.'! A number of substances
have been used, including inert gases such as
helium, nitrous oxide, argon, and xenon and
diffusible substances, such as H,O" and I-131-
antipyrine.?
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F1GURE 3.1. Regional myocardial blood flow distri-
bution correlated with the coronary analog by su-
perimposing patient’s coronary angiogram to con-

Presently, the xenon'* technique is the
most widely used diffusible indicator. This
substance is injected into a coronary artery
and its washout is recorded using an Anger
scintillation camera. Multiple tracer washout
curves are recorded. Rate constants of re-
gional clearance of xenon'?? are then derived
by computer analysis and myocardial blood
flow rates.'? Regional myocardial blood flow
distribution is then correlated with the coro-
nary analog by superimposing the patient’s
coronary angiogram and scintigraphic data
and constructing a regional CBF map (Fig
3.1).13

There are many technical limitations in-
volved in this technique. Xenon is much more
soluble in fat than in cardiac muscle. Because
of this, the washout curves may be affected
leading to an underestimation of CBF, espe-
cially with repeated flow measurements be-
cause of isotope accumulation in the fat.? This
technique requires the presence of steady
state flow and cannot detect rapid changes in
CBF, thus limiting its usefulness in evaluating
the effect of provocational maneuvers or inter-
ventions. It is also inaccurate at increased
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struct a regional coronary blood flow map. (By
permission of Progress of Cardiovascular Disease.)

flow rates especially with flows greater than
200 ml/min.'* Because of these limitations,
these techniques are not commonly used.

Measuring CBF using substances that enter
the cells is based on the principle that the con-
centration of the substance in the heart de-
pends upon the arterial concentration of the
substance, the tissue extraction ratio of these
substances, and the CBF.!"’ Various isotopes
have been used in determining CBF including
K%, Rb%¢, TI2!, and Ce'?. These substances
are injected either intravenously or intra-arte-
rially. Their distribution in the myocardium is
then detected via precordial scintigraphy.
Blood flow can be evaluated qualitatively or
quantitatively. The latter is accomplished with
the evaluation of time activity curves. The ma-
jor limitation of this technique is that it re-
quires steady state coronary flow and does not
permit on-line continuous assessment of CBF.
It also depends on the fact that coronary flow
must be the rate-limiting variables and not cell
permeability .1°

In discussing this technique, positron emis-
sion tomography (PET) should be mentioned.
Positive emission tomographic scanning is
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based on the principle that unstable isotopes
emit positrons on radioactive decay. When a
positron encounters an electron, two photons
are produced that are emitted in opposite di-
rections. These photons are then detected si-
multaneously by positron cameras, which are
positrons on opposite sides of the patient.
These photons are detected and counted at
many positions around the patient, and a com-
puter is used to reconstruct an image that rep-
resents the distribution of the isotope in-
jected.'®

Radioactive substances used as tracers in
myocardial perfusion studies include Rb%? and
N3, Rubidium is useful because of its short
half-life, making it usable for multiple studies
of perfusion after an intervention.>

To quantitate the amount of isotope in the
heart, the general principle stated earlier in
reference to substances that enter the cell ap-
plies. That is, if the arterial input function is
known, the concentration of an indicator in
the tissue will depend upon tissue blood flow
and the organ extraction ratio.!

In animals there has been good correlation
between estimation of CBF using PET scan-
ning as compared with microspheres.!’

The advantage of this method is that it gives
quantitative regional and transmural blood
flow measurements. However, this is an ex-
tremely expensive technique that is not widely
available and at present is used mainly as a
research tool.

The technique for measurement of coronary
sinus blood flow in humans by continuous
thermodilution was developed by Ganz et al'®
in 1971. It is based on the principle that when a
substance miscible with blood is infused into
the coronary sinus at a constant rate, the
downstream temperature of the mixture can
be used to predict CBF. Computation of blood
flow is based on the assumption that the heat
lost from the system between the site of injec-
tion and the site of detection is negligible, and
therefore the heat lost by the blood equals the
heat gained by the indicator.’® The fluid in-
jected is infused at 35 to 55 ml/min through a
specialized catheter for 20 to 80 seconds. Tur-
bulence during this injection completely mixes
the indicator with coronary venous blood.
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Coronary sinus flow represents venous return
from the left ventricular free wave and consti-
tutes outflow from both the left anterior de-
scending and circumflex artery. Flow in the
great cardiac vein represents drainage primar-
ily from the left anterior artery.?

This technique has been widely used in con-
scious humans to evaluate resting blood flow
and alterations in blood flow after different in-
terventions, such as atrial pacing, administra-
tion of vasoactive drugs, or injection of con-
trast material. Its advantages are that it is a
simple, inexpensive, and safe technique that
has shown good correlation with the electro-
magnetic flowmeter. Measurements can be
performed in approximately 20 seconds, and
because the injection is hemodynamically in-
ert, multiple measurements can be made at
short periods of time. This allows assessment
of changes in flow in response to intervention.

The major disadvantage of the technique is
its inability to measure CBF in the right coro-
nary artery and its inability to separate left
anterior descending flow from left circumflex
flow. Also, there is some difficulty in main-
taining catheter position constant. Misleading
changes in flow can be recorded if catheter
position varies during the intervention.

Methods used to measure phasic coronary
flow by means of videodensitometry or contin-
uous wave Doppler will be discussed later in
this chapter because they are techniques that
are currently most useful in evaluating the ef-
fect of PTCA on CBF.

Coronary Flow Reserve

It was first thought that CBF would be re-
duced in patients with coronary artery dis-
ease. It also was believed that measurement of
this decrease in CBF would give useful hemo-
dynamic information in evaluating the severity
of a stenosis demonstrated during angiogra-
phy. However, with the development of meth-
ods to quantitate blood flow, it has been found
that there is a great deal of overlap between
flow in normal individuals and in those with
coronary artery disease because the range of
normal blood flow under basal conditions is
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wide (65 to 100 ml/min per 100 g).!° Thus, pa-
tients with severe three-vessel disease can
have resting CBF equal to normal.

Since 1939 it has been observed that after an
intra-arterial injection of contrast medium, a
significant increase in CBF occurred.?’ This
increase in flow was called reactive hypere-
mia. In 1964 Mosher et al?! examined this hy-
peremia response in the coronary arteries of
mongrel dogs. His preparation made it possi-
ble to change coronary perfusion pressure
(AP) without changing aortic pressure. Thus,
the effects of changing transmyocardial perfu-
sion pressure on coronary flow could be exam-
ined while oxygen consumption and left ven-
tricular work were kept constant. The results
of this study on a normal heart are shown in
Fig 3.2. A pressure flow diagram was formu-
lated. Under basal conditions, it can be seen
there is little change in coronary flow with
changes in perfusion pressure. This is due to
autoregulation, which was described earlier in

FIGURE 3.2. Pressure flow diagram. Under basal
conditions, there is little change in coronary flow
with changes in perfusion pressure. Line D repre-
sents the maximal flow after hyperemic response
and is the coronary flow reserve. (By permission of
American Heart Association.)
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this chapter. Line D in the pressure flow dia-
gram (Fig 3.2) represents flow after the induc-
tion of a hyperemia response. If this stimulus
produces maximal vasodilation, then the in-
crement of coronary flow above resting levels
will also be maximal. This increment has been
termed the coronary flow reserve.

Under normal conditions resistance in the
large epicardial is low and changes in the coro-
nary artery blood flow are regulated by
changes in the diameter of the small intra-
myocardial vessels. As stated earlier, myocar-
dial blood flow is inversely related to intra-
myocardial arteriolar resistance and directly
to coronary driving pressure. Using autoregu-
lation, these vessels are able to increase or
decrease CBF to meet the metabolic demands
of the myocardium by altering coronary vas-
cular resistance. With exercise or another hy-
peremic stimulus, there is an increase in
myocardial oxygen demand. As a result, the
arterioles dilate to increase coronary flow.
When the hyperemic stimuli is maximal, the
intramyocardial vessels become maximally di-
lated and the increase in flow is the maximum
coronary flow reserve.?

When an epicardial vessel becomes ste-
notic, it causes resistance to flow. To compen-
sate for this, the intramyocardial vessels will
dilate to maintain adequate flow. As the epi-
cardial stenosis progresses, the arterioles di-
late fully and the maximum coronary flow re-
serve is attained. At this point, flow becomes
pressure dependent, and further increases in
the stenosis will result in diminished CBF (Fig
3.3).

Under baseline conditions, ischemia will oc-
cur with severe stenosis. With less severe ob-
struction, baseline CBF may be maintained at
normal levels as a result of vasodilation of the
resistance vessels, partially using their vascu-
lar reserve capacity. However, when a hyper-
emic response is induced, further dilation of
these arterioles is compromised so the appro-
priate increase in coronary flow of four to five
times baseline cannot be attained. This results
in ischemia secondary to attenuation in the
coronary flow reserve (Fig 3.4).2

From this, it is obvious that in patients with
coronary artery disease and normal resting
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FIGURE 3.3. Relationship of progressive stenosis,
coronary flow, and resistance vessels. Coronary
flow becomes pressure dependent when maximum

CBF, the physiologic significance of a particu-
lar stenosis can be determined by the induc-
tion of a hyperemic response. This is because
the stenosis reduces coronary flow reserve
and attenuates the hyperemic response in the
distribution of the affected vessel.

Based on this, Gould et al?* in 1974 stated
that it is essential to evaluate coronary arterial
lesion in terms of altered maximal, rather than
resting CBF. Using an open-chest animal
preparation, he demonstrated the potential
usefulness of this flow response in assessing
the critical nature of coronary observation.
Hyperemia was induced in the coronary artery
of a mongrel dog using the injection of con-
trast media and the hyperemia was measured
at various degrees of stenosis created by a cal-
ibrated snare. He found that resting CBF did
not decrease until coronary arterial diameter
was reduced by 85%. However, maximal cor-
onary flow (coronary flow reserve) began to
decrease with stenosis of 30% to 45% of arte-
rial diameter, and the capacity to increase flow
over resting basal levels in responses to a
vasodilating stimulus disappeared with con-
servation of 88% to 93% of arterial diameter.
He also found regional flow distribution is nor-
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coronary flow reserve is attained. (By permission
of American Journal of Cardiology.)

mal with stenosis of 85% of the diameter of a
major coronary vessel at resting flow levels,
but it became markedly abnormal at elevated
flow levels during hyperemia. He concluded

FiGUuRE 3.4. Representation of myocardial blood
flow (MBF) at rest and in response to exercise in
normal coronaries and in patients with coronary
artery disease (CAD). There is attenuation in the
coronary flow reserve. (By permission of American
Journal of Cardiology.)
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that because resting coronary flow and distri-
bution are unaffected by relatively severe ar-
terial narrowing, it is essential to assess the
effects of coronary stenosis in terms of altered
maximal, rather than at rest, coronary flow.>

Thus, although coronary angiography is es-
sential for visualizing the extent of coronary
stenoses, other diagnostic tests which more
clearly define the flow-limiting characteristics
of specific coronary artery lesions would be of
considerable help in evaluating patients with
coronary artery disease.!® With the advent of
percutaneous transluminal coronary angio-
plasty (PTCA), this concept becomes even
more important. For high- and low-grade
stenoses, prediction of hemodynamic signifi-
cance is fairly reliable. However, for lesions
of intermediate severity, there is great diffi-
culty in assessing their hemodynamic signifi-
cance. Deciding whether or not to perform
PTCA and evaluating its efficacy has been tra-
ditionally done by viewing the reduction in
percentage of stenosis and observing the
change in the transtenotic gradient. It is well
known that the measurement of these interme-
diate lesions by angiography is unreliable.
They lack reproducibility and do not correlate
well with pathologic and intraoperative find-
ings. The use of gradients for assessing lesion
severity is also limited because of the depen-
dence of these gradients on the level of coro-
nary flow. Also, gradients may be induced by
the catheter itself and there are no data corre-
lating the transluminal gradient with the physi-
ologic significance of a lesion.? For these
same reasons, evaluating the success of angio-
plasty cannot be determined by observing the
percentage of reduction in the percentage of
stenosis or by observing a decrease in tran-
stenotic gradient. The decision to intervene on
a particular lesion can be made only by assess-
ing its compromise on coronary flow reserve.
Likewise, the determination of the success of
an intervention such as PTCA can only be
done by assessing its effect on CBF and coro-
nary flow reserve.

As a result, there has been considerable in-
terest in developing techniques that can mea-
sure the coronary flow reserve of a selected
coronary artery in conscious humans. This
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technique must be performed easily in the car-
diac catheterization laboratory at the time of
diagnostic coronary angiography or at the time
of PTCA. The technique must be able to mea-
sure rapid changes in regional CBF after a va-
riety of interventions, such as induction of hy-
peremia. It must be able to measure flow
selectively in any of the three major coronary
epicardial vessels and cause no hemodynamic
effect itself.?® Finally, it must be a safe tech-
nique that does not increase the morbidity of
the intervention.

Agents Used for Inducing the
Hyperemic Response

Before discussing current techniques that
evaluate the coronary flow reserve in con-
scious humans, the mechanics that produce
the hyperemic response will be briefly over-
viewed (Table 3.2). Commonly used methods
for producing vasodilation include transient
arterial occlusion, exercise, atrial pacing or
the use of pharmacologic agents such as iso-
proterenol infusion, dipyridamole, hyperos-
molic iodinated contrast media, or papav-
erine.

To be useful in the cardiac catheterization
laboratory, a hyperemia-inducing method
must be short acting so that multiple measure-
ments can be performed during a relatively
short time. It also must produce maximal cor-
onary artery vasodilation so that alterations in
coronary flow reserve in stenotic lesions can
be more precisely detected. Finally, it should
not alter the systemic hemodynamics.

Arterial occlusion, atrial pacing and isopro-

TABLE 3.2. Agents that induce hyperemic coronary
flow.

Time to peak Flow increase
Agents hyperemia from baseline
Contrast media 10-15 sec 2-2.5 X
(Renograffin-76)
Dipyridamole S min 4.8 x
(infusion)
Papaverine 16 sec 4.8 x
ATP 14 sec 6 X
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terenol produce short-lived hyperemic re-
sponses and do not induce maximal coronary
flow .26 Contrast media has been used as a cor-
onary vasodilating agent for the past 50 years.
Its duration of action is brief, lasting only sec-
onds, but its dilating effect is not maximal and
only increases CBF 2 to 2.5 times resting
values.?’

Intravenous dipyridamole produces maxi-
mal coronary vasodilation and increases CBF
by as much as 5 times resting flow. Its main
disadvantage is its long duration of action,
which can be as long as 30 minutes.

The agent most recently studied is intra-
coronary papaverine. In a recent study by
Wilson et al,?® this agent was compared with
dipyridamole and contrast media in 10 patients
with normal coronary arteries. The increase in
CBF velocity after the administration of pa-
paverine was 4.8 times the baseline flow. This
compared favorably with dipyridamole, which
also increases resting flow by approximately
4.8 times. The increase in flow was signifi-
cantly greater than that of contrast media
which increased flow by only 3.1 times base-
line. The onset of maximal flow after pa-
paverine was 16 seconds as compared with 15
seconds with contrast media. This was quite
rapid as compared with dipyridamole whose
peak effect was not reached until 4.8 minutes
after its injection. The duration of maximal
flow with papaverine was approximately 50
seconds as compared with 8 seconds with con-
trast media. With dipyridamole, duration of
maximal flow was greater than 4 minutes. The
use of papaverine also has been found to be
quite safe. Thus, it appears that papaverine
may be quite a useful agent in the study of
coronary flow reserve.

The ability of a hyperemic agent to induce a
maximal hyperemic response is important, in
distinguishing between normal and diseased
vessels. In a study by Foult and Nittenberg?
comparing dipyridamole and intracoronary in-
jections of contrast medium, coronary flow re-
serve at maximum vasodilation was reduced
in 80% of patients with coronary artery dis-
ease and dilated cardiomyopathy. Contrast-in-
duced hyperemia only identified 52% of pa-
tients with abnormal coronary reserve. A
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submaximal stimulus may not be appropriate
in identifying patients with modest distur-
bances in coronary as one might expect in a
patient with an intermediate coronary steno-
sis. However, by inducing a maximal re-
sponse, identification of altered coronary flow
reserve will be more sensitive. Along the same
lines, the effect of an intervention in improv-
ing coronary flow reserve also will be easier to
identify if maximal hyperemia is induced.

Current Techniques Used
for the Evaluation of
Percutaneous Transluminal
Coronary Angioplasty

There are three techniques that recently have
been developed to evaluate the efficacy of
PTCA by measuring its effect on CBF and cor-
onary flow reserve. These are contrast echo-
cardiography, intracoronary Doppler probes,
and digital subtraction angiography.

Contrast echo is a new method which has
been developed to assess the presence of via-
ble myocardium before and after interven-
tional therapy.?® Lang et al®® reported the use
of this technique in 7 patients who underwent
PTCA. Before the procedure, 2.0 ml of Reno-
graffin-76 containing sonication-generated mi-
crobubbles was injected into the culprit coro-
nary artery. Echocardiography was performed
and showed fully defects in the region sup-
plied by the vessel. The PTCA was then per-
formed. After the procedure, repeat injections
of sonicated Renograffin-76 were performed.
In 5 out of 7 of these patients, microbubble
perfusion significantly increased with opacifi-
cation of the region that previously demon-
strated the defect. Advantages of this tech-
nique are that it is safe and does not require
the use of fluoroscopy. Also, with the devel-
opment of a medium of sonicated microbub-
bles that are able to cross the lungs, it is con-
ceivable that the study may be performed
using intravenous injections.

The method, however, is just developing
and there are no long-term studies with large
patient populations to evaluate sensitivity and
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specificity of this technique. There also have
been no reports of the use of this technique in
the evaluation of a hemodynamic effect on
CBF.

In 1974 Cole and Hartley,!? in an attempt to
measure rapid changes in coronary artery
blood flow, developed a system that measured
phasic coronary artery velocity at the time of
routine diagnostic coronary arteriography.
The system consisted of a piezoelectric crystal
placed at the tip of a sones catheter. There
was a close correlation between flow veloci-
ties measured with this catheter and volume
flow measured with other techniques. The ma-
jor problem with this system was that the
number SF Doppler catheter was too large to
be placed subselectively into the coronary
artery. Also, because the tip position was
unstable, there was a problem with signal
instability.

The most recent techniques that measure
CBF and coronary flow reserve have been de-
veloped at the University of Iowa. It is a small
(3F) Doppler catheter that can subselectively
measure phasic CBF velocity. In a recent
study from Wilson et al,3' changes in mean
coronary blood flow velocity (CBFV) mea-
sured intraluminally by the catheter in the left
anterior descending and circumflex were com-
pared with simultaneously measured CBFV
with an epicardial Doppler probe on the sur-
face of the same vessel. There was a strong
linear correlation between these two methods
with an r value of .95. They also compared
CBFYV measured with the intracoronary Dop-
pler with timed volume collection of coronary
sinus flow. Again, there was a linear correla-
tion with an r value of 97. Hyperemic provoca-
tion with both contrast media and dipyrida-
mole was performed using this, with CBFV
increasing by as much as fivefold. Hyperemic
responses with the catheter present and ab-
sent were identical, showing that the catheter
did not affect changes in flow. Histologic stud-
ies showed no problem with endothelial denu-
cleation or thrombus formation.

This new technique offers several potential
benefits. First, continuous on-line recording of
instantaneous coronary flow velocity can be
measured, as well as transient changes in
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CBFV in response to various provocations.
Secondly, because of its small dimension, it
can be used to evaluate CBFV subselection
into three major coronary vessels.?! Theoreti-
cally, it can be used to assess the hemody-
namic significance of a stenosis on CBF and
coronary flow reserve and to determine the
efficacy of PTCA in improvement of these pa-
rameters. However, studies showing this in
regard to stenosis and PTCA have yet to be
performed.

Limitations of this procedure seem to be
minimal. The main problem appears to be with
movement of the catheter, resulting in an an-
gle change in the piezoelectric crystal. This
would result in an artifactual change in mea-
sured CBFV .3!

Digital subtraction angiography is a new
method for quantitative analysis of coronary
flow dynamics and reserve. Digital techniques
convert the video output from an image inten-
sifier into a number of small, discrete, boxlike
compartments, referred to as picture elements
or pixels. The brightness of each pixel is then
expressed as a numerical value. In this way,
an analog video image can be converted to a
numerical map whose values can be measured
or adjusted by standard mathematical meth-
ods.?? Vogel et al*® in 1985 used this digital
approach to quantitate CBF and coronary flow
reserve. They obtained selective arteriograms
and displayed them on a projector that was
equipped with a primary beam splitter coupled
to a fixed frame videocamera. The first six
consecutive end-diastolic frames of the arteri-
ogram are digitalized using a 256 X 256 eight-
bit matrix. Image enhancement is attained
through a process known as gated interval dif-
ferency, which involves serial subtraction of
each end-diastolic frame from the previous
frame. A functional image is then generated
with appearance time for each pixel defined as
the maximal incremental increase in radio-
graphic density between cycles for that pixel.
From this functional image, the myocardial
contrast appearance time is then calculated. It
is defined as the time from onset of injection to
maximal incremental appearance of contrast
in a given myocardial region. These images
are color coded to represent the time in cycles
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TABLE 3.3. Factors that reduce coronary flow re-
serve.

Coronary artery stenosis

Myocardial hypertrophy

Hypertension

Prior myocardial infarction

Collateralization

Coronary spasm

Syndrome X

Prolonged ischemia

Early angioplasty

Elevated left ventricular end diastolic pressure

or half cycles at which contrast arrives in a
particular area. These authors measured coro-
nary flow reserve as the ratio of the rest to
hyperemic myocardial contrast appearance
time. They validated this technique against di-
rectly measured coronary sinus flow with an r
value equal to .90.3* This method has been
shown to be a reliable technique for the as-
sessment of the hemodynamic significance of
a coronary artery stenosis.

There are major limiting factors affecting
the method. One is that of motion artifact
which distorts the quality of the image. Irregu-
larity of cardiac rhythms interfere with gating.
This can be partially overcome with the use of
atrial pacing. The timing of the contrast injec-
tion and the amount injected are of critical im-
portance in that estimates of flow are only
valid when the concentration of contrast and
the time injected are the same for hyperemic
and baseline flows. This is difficult to achieve
using hand injection. It can be overcome with
the use of electrocardiogram-gated power in-
jection. Also coronary flow reserve studies
may be unreliable with hypertension, hyper-
trophy, or previous myocardial infarction
(Table 3.3).3

Evaluating the Efficacy of
Percutaneous Transluminal
Coronary Angioplasty

Evaluating the efficacy of PTCA by its effect
on coronary flow reserve is currently being
evaluated using the technique just described.
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O’Neil et al® in 1984 measured coronary flow
reserve in 15 patients before and after under-
going PTCA with the intent of defining a phys-
iologically successful result. Coronary flow
reserve was measured using the digital radio-
graphic technique that is described. There was
reduction in luminal stenosis in these patients
from 71% to 34% and this was accompanied
by a reduction in translesional gradient from
47 to 21. There was a significant increase in
vasodilating reserve from 1.03 to 1.29 (P <
0.001).%

Interestingly, there was poor correlation be-
tween changes in luminal diameter and in tran-
stenotic gradient (r = .61). Changes in tran-
stenotic gradient and coronary flow reserve
correlated more closely but still attained an r
value of .77.

In another study from this same group, it
was found that coronary flow reserve was im-
proved equally as well in patients who under-
went coronary artery bypass grafting as in
those who underwent PTCA. However, the
mean coronary flow reserve in normal arteries
was significantly higher. They postulated that
the difference was related to the effect of the
general atherosclerotic process, which re-
mained despite successful treatment by these
techniques.®

A recent study from Serruys et al’® com-
pared the changes in coronary flow reserve
post-PTCA as measured by the Doppler tip
catheter and digital substraction angiography
in the same individuals. As a result of angio-
plasty, coronary flow reserve increased from
1.1 to 2.3 when measured with digital tech-
niques. When measured with the intra-
coronary doppler, there was an increase in
coronary flow reserve from 1.2 to 2.2. Using
these two independent techniques, coronary
flow reserve was found to substantially im-
prove post-PTCA. However, it did not return
to normal.®

Measuring the effect of PTCA on coronary
flow reserve is an exciting new approach to
evaluate the success of this procedures. Stud-
ies determining its validity, however, are few
and deal with small numbers of patients. How-
ever, the potential usefulness of these meth-
ods is extremely promising and should give
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the interventional cardiologist useful informa-
tion in deciding whether or not to intervene in
an intermediate stenosis. The existence of a
reduced coronary flow reserve in a lesion as a
determinant of its physiologic significance
must be evaluated in prospective studies with
large patient groups followed over extended
periods to prove its applicability.
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Quantitative Coronary Arteriography

Budge H. Smith, B. Greg Brown, and Harold T. Dodge

Introduction

Recognizing the relationship between coro-
nary artery disease and clinical events such as
angina, myocardial infarction, and cardiac ar-
rythmia, investigators have for 50 years been
attempting to accurately describe the human
coronary pathologic anatomy. Development
of catheterization procedures and radio-
graphic techniques used in the process of eval-
uating coronary artery disease has been driven
by evolving invasive therapies and has re-
sulted in the present high-quality arterial im-
ages. In this chapter, we describe the develop-
ment of techniques now used to obtain and
interpret coronary arteriograms and to relate
the presence of atherosclerotic disease to the
clinical state.

The coronary circulation was imaged first in
animals! and then in humans,?? using a
transthoracic approach to radiographically im-
age the opacified ascending thoracic aorta
and, incidentally, the proximal segments of
the coronary arteries. Seeking a safer route,
Jonsson* used a retrograde approach via the
radial artery in humans to catheterize the as-
cending aorta and, with a bolus of contrast
manually injected into the aorta, effectively
imaged the coronary arteries in their entirety.

Selective imaging of the coronary arteries in
humans resulted from the development of: 1)
organic iodides that could be used safely, 2)
the technique of cineradiography, and 3) a
means of safely delivering contrast media to
the coronary circulation.

As early as 1929, organic iodides were used
to opacify structures in humans.’ During the
early 1930s, after early successes in opacifying
the collecting system of the kidneys,’ several
iodinated compounds were produced that
would provide adequate radiographic contrast
of noncoronary vascular structures with mini-
mal side effects.5’

In 1938, Robb and Steinberg® used organic
compounds as markers guiding the timing of
successive x-ray exposures to document se-
quential opacification of the heart chambers,
thus using serial x-rays to study circulation in
the living patient. Technical advances in the
1940s, such as the development of a rapid film
changer,? biplane film capabilities, ' and image
amplification,!! allowed for the practical appli-
cation of cineradiography for the evaluation of
contrast angiography in humans. Many of the
aspects of cinefluorography in use today (i.e.,
the use of synchronized exposure of 35-mm
film at 60 frames per second to allow for slow-
motion analysis) were refined for clinical use
in the cine program of the University of Roch-
ester by Ramsey and co-workers.!? The ci-
neangiographic techniques presently used in
most investigative centers were first applied
by Abrams!® at Stanford University in 1958.
Most modifications which have occurred since
that time are a reflection of technical advances
and improvements of apparati in use in 1958.

In parallel with the advances in contrast and
radiographic technology, catheterization tech-
niques were also developing in the early
1950s; thus, angiocardiography emerged as a
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safe, effective means to determining the pres-
ence and severity of atherosclerotic coronary
artery disease.

Retrograde left heart catheterization was
first performed in the United States by Zim-
merman and colleagues' in 1949 for evalua-
tion of left heart and aortic pressures in syphi-
litic aortic insufficiency. The position of the
catheter in this study was confirmed by plain
radiograph. In the 1950s, single frame expo-
sure of opacification of the coronary arteries
became possible using a balloon occlusion
technique of the aorta with acetylcholine-in-
duced cardiac arrest, described by Dotter and
Frische.® This technique provided, for the
first time, well-detailed films of the coronary
tree but at considerable risk.

The modern era of coronary arteriography
was ushered in by Sones and Shirley'® at the
Cleveland Clinic in 1959 when, quite by
chance, they discovered that by selective
transbrachial coronary cannulation, one could
safely opacify the coronaries in man. Other
selective angiographic techniques quickly em-
erged, particularly pre-formed catheters for
specific selective procedures!” and the femoral
artery approach described by Judkins'® in
1963.

It is upon the above technological and pro-
cedural foundation that computer-assisted
modalities have, during the 1970s and 1980s,
attempted to provide a more precise descrip-
tion of the coronary anatomy. Clinical deci-
sions, both prognostic and therapeutic, are
based in part on an objective interpretation of
the distribution and severity of atherosclerotic
coronary disease. Thus, accurate representa-
tion of the disease process has important clini-
cal ramifications.

Visual Interpretation

Most clinical centers now rely on visual inter-
pretation of the coronary angiogram. Segmen-
tal arterial narrowing is widely described in
terms of ‘‘percent stenosis’’ relative to a
nearby ‘‘normal’’ lumen diameter. However,
there are certain limitations to this interpreta-
tion of disease.
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Accurate definition of disease depends on
the number and variety of viewing angles
used. Significant stenoses can be completely
missed if vessel overlap, foreshortening, or in-
sufficient ‘‘panning’’ occur. To avoid these
problems, sufficient viewing angles must be
used to assess all coronary segments, opti-
mally, at as close to right angles as possible.
This basic doctrine, if implemented, would
minimize errors in the estimate of maximal
stenosis.

The ‘‘percent stenosis’’ estimate is depen-
dent upon the selection of a truly ‘‘normal’’
reference lumen diameter. However, vascular
segments near stenoses that are chosen as
“‘normal’’ segments might be dilated by post-
stenotic turbulence or ectasia, normal, or dif-
fusely narrowed by intimal disease, thereby
making the denominator of the ‘‘percent ste-
nosis’’ estimate unreliable.

Owing to these potential sources for error in
visual estimates of coronary stenoses, signifi-
cant inter- and intraobserver variability in esti-
mates of disease can exist.'>?! DeRouen and
colleagues®® reported an interobserver vari-
ability of 18% (1 SD) in visual estimates of the
maximal stenosis of 12 coronary segments in
10 patients; the probability of misclassification
of the number of significantly (= 70%)
stenosed vessels in an individual case was
31%.

Lastly, the correlation between visual esti-
mates of disease and coronary blood flow is
poor??; thus, clinical decisions made using vi-
sual estimates of coronary stenosis are poten-
tially flawed.

Recognizing these shortcomings, cardiolo-
gists and radiologists are now investigating
computer-assisted image analysis as a means
for more precise evaluation of coronary ather-
osclerosis.

[}

Quantitative Angiography

The era of machine-assisted coronary artery
quantitation was ushered in by Gensini et al®
in their study of coronary vasomotion in 1971.
A cross-hair system to specify diametrically
opposed image border points was used in pro-
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jected coronary images from dogs and hu-
mans. Each point was then entered into a 1130
IBM computer which calculated the minimum
diameter, the diameter of ‘‘normal’ vessel,
and percent stenosis. Absolute vessel dimen-
sions could be determined using known cathe-
ter-tip size references. Using this technique,
Gensini reported an accuracy within = 80 um.

A modification of this method was evalu-
ated by Scoblionko et al?! in 1984. They used a
programmable digital electronic caliper to di-
rectly measure minimum vessel diameter
(Dmin), “‘normal’” vessel diameter, and,
thereby, percent diameter reduction (%S) of
opacified human coronary vessels projected
on a viewing screen. Again, catheter-tip scal-
ing was used to estimate absolute vessel di-
mensions. The variability (based on standard
deviation of multiple estimates) of the hand-
held digital calipers was found to be = 180 um
for Dy, and 5.9% for %S, compared with the
accuracy of visual estimates of four experi-
enced angiographers (= 260 um for D, and
7.4% for %S) and computer-assisted method
using a VAX computer program? with known
accuracy (* 90 um for Dy, and 3.1% for %S).
Using the digital calipers the investigators

FiGURE 4.1. Examples of magnified views of signifi-
cant coronary artery lesions. Image c is blurred due
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found that underestimation of mild stenoses
and overestimation of severe stenoses charac-
teristic of visual estimates did not occur.
Scoblionko suggested that the use of digital
programmable calipers allowed for rapid, ac-
curate assessment of coronary artery disease,
representing an improvement over the tradi-
tional visual estimation of disease severity.

Limitations Affecting Precise
Measurement of Vessel Stenosis

Image formation in coronary arteriography is
dependent upon many factors. As noted, ap-
propriate angiographic angulations are neces-
sary for complete visualization of the coro-
nary anatomy. The mechanics of contrast
opacification also are important in vessel defi-
nition. The vessel image density is propor-
tional to the fraction of x-ray energy absorbed
during passage through contrast medium;
therefore, the diameter of the vessel (contrast
path length), the concentration and the attenu-
ation coefficient of the iodinated contrast ma-
terial, and radiodensity of the background tis-

to its location in the outer third of the x-ray field
when filmed.
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FIGURE 4.2. Effect of magnification on the appear-
ance of coronary lesions. Extreme magnification of
the lesion in the right panel documents the presence

sues all impact upon the ability to clearly
define the vessel lumen and, in particular, its
borders.

Clear definition of the vessel borders is de-
pendent upon several factors. First, the differ-
ence in the attenuation coefficient of iodinated
contrast medium and the background tissues
may not be great, limiting the clarity of vessel
edge definition. Second, the x-ray attenuation
of a contrast-filled vessel lumen is weakest at
its edge. Third, edge detection is proportional
to the strength (intensity) of the radiation en-
ergy used and, thus, may be limited due to the
safe use of lower radiation energies. Fourth,
the coronary arteries are in motion during
opacification, resulting in blurring of the ves-
sel due to motion. Fifth, quality of the image is
compromised depending on its position in the
x-ray field (lesions in the periphery are less
well seen than those in the center of the imag-
ing field; Fig 4.1) and the presence of veiling
glare and pincushion distortion (where images
in the periphery of the field are selectively
magnified relative to those in the center of the
imaging field). Sixth, because of random vari-
ability of gamma-radiation in the x-ray beam,
focal irregularities in the contrast image called
quantum mottling (Fig 4.2) may occur, limiting
clear definition of the vessel border. Finally,
exposure of the image should lie in the linear
range of the film characteristic curve? or the
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of focal irregularities in the contrast image, quan-
tum mottle, which can interfere with clear border
definition.

vessel edge may be obscured due to under- or
overpenetration.

The “‘precise’’ vessel edge point may be de-
fined in one of three ways?®: 1) based upon the
point where image density first rises above lo-
cal background density (base point), 2) where
the rate of change of the image intensity is the

FIGURE 4.3. Example of scan photodensitometry
profile of the edge of a contrast-filled vessel against
a variable-density background. The vessel edge can
be defined as 1) point E at which vessel density first
rises above background density, 2) point S at which
the rate of density change is greatest, or 3) point F
at which the observed edge density best correlates
with a theoretical edge density profile.
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greatest (first derivative method), or 3) where
the observed edge density best correlates with
the theoretical vessel density profile (Fig 4.3).
Each of these points represents a different
vessel edge point and defines the basic prob-
lem encountered in attempting to accurately
determine vessel size; thereby providing the
basic framework for efforts to improve vessel
edge definition, which have led to many pres-
ently applied computer-assisted techniques.

Computer-Assisted Quantitative
Angiography

The capacity of the direct measurement tech-
niques to accurately define (predict) three-di-
mensional structure is limited by several fac-
tors. First, the diseased segment may not be
round, so vessel dimensions may differ from
one angiographic projection to another. Sec-
ond, as described, pincushion distortion
causes selective magnification of segments lo-
cated in the periphery of the angiographic

FiGURE 4.4. Computer-assisted transformation of
image coordinates in lesion analysis. The lumen
borders of the selected arterial segment are digi-
tized and corrected for pincushion distortion and
for magnification, yielding a true-scale representa-
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field. Third, divergence of the x-ray beam
causes distortion of the three-dimensional im-
age due to selective magnification of objects
closest to the x-ray source. The correction of
these potential sources of measurement error,
using digital computation, holds promise for
improved dimensional accuracy.

University of Washington System

The first such system was developed in 1975 in
the cardiovascular computation laboratory at
the University of Washington.?*?” Routine 35-
mm coronary cineangiograms are projected at
a fivefold magnification using an overhead
projector in a darkened room, cine frames are
selected by trained technicians from two per-
pendicular views for clarity of visualization of
the diseased segment, and the borders of the
arteriographic segments are traced manually
from the ‘‘normal’’ proximal portion, through
the stenosis, to the ‘‘normal’’ distal portion.
The catheter tip is traced as a reference scal-
ing factor.

tion of the diseased lumen. The catheter tip is used
for scaling in absolute measurement determina-
tions. The mathematical equations presented relate
the image plane coordinates for each computer-as-
sisted correction.
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These borders are digitized using a commer-
cially available digitizing tablet and electronic
interface into a Digital Equipment Corp VAX
750 computer. The lesion image is then recon-
structed at true scale by the computer pro-
gram using the geometric corrections defined
in Fig 4.4. The computer then combines the
two perpendicular images in a three-dimen-
sional approximation of lumen geometry, a
printout of which is presented in Fig 4.5. From
this approximation, vessel diameters and
cross-sectional areas of the diseased and
“‘normal’’ vessel segments are computed.
More complex estimates of atheroma mass,
stenosis resistance and pressure loss,?® and in-
timal shear stress can be made based on this
geometric representation and hypothetical
rates of arterial blood flow.?” This method
measures absolute dimensions with an accu-

FiGURE 4.5. Example of hardcopy printout of the
computer-assisted analysis of coronary stenosis.
The transformations noted in Fig 4.4 are applied to
two perpendicular views of the diseased segment.
The true-scale LAO and RAO images are matched
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racy of 0.08 mm. The variability is = 3% for
percent stenosis measurements and 0.1 mm
for minimum diameter estimates.?!-?4

The advantages of this method are several:
1) accurate three-dimensional representation
of coronary arterial segments, 2) limited vari-
ability in results, and 3) extrapolatable infor-
mation from the image reconstruction to esti-
mate the physical state present at the
measured lesion. The method, however, is
somewhat tedious, requiring 10 to 15 minutes
for frame selection, digitizing, and computer
processing of a single lesion. It also requires
projection equipment, a computer terminal,
and digitizing tablet interfaced with a central
computer and one or two full-time techni-
cians. In addition, this method requires a judg-
ment on the part of the technician and clinical
angiographer as to the exact lumen border lo-

at the point of greatest narrowing, then the image is
stretched mathematically to full length in the center
panels. From this representation, complex true-
scale functions are computed as described in the
text.



4. Quantitative Coronary Arteriography

cation based on visual interpretation of sev-
eral local gradients of contrast density at the
lumen edge. As human judgment is a neces-
sary component of this method, it presents a
significant source of potential error. At the
University of Washington certain rules for
frame selection are followed to minimize pos-
sible error: 1) some angiographic projections
show arterial lesions more clearly than others,
and the views with best image quality are
therefore selected during an initial screening;
2) images having borders that are sharp and
continuous through the lesions are preferred;
3) the sharpest images occur at moments of
maximum intraluminal iodine concentration,
usually in the middle third of the contrast in-
jection; 4) the sharpest images occur at mo-
ments of least vessel motion (i.e., at end-sys-
tole, mid- to late-diastole, or at the peak of
atrial contraction); 5) frames in which the lu-
men appears to be narrowest are probably
more accurate because many artifacts (mo-
tion, vessel overlap, foreshortening) can serve
to increase apparent lumen diameter but few
(streaming, inadequate contrast injection)
cause the lumen to appear more narrow than
reality; and 6) selection of frames in which the
segment of interest is obscured by other dense
structures is avoided. Using these guidelines,
it is possible to digitize the borders of a lesion
in a selected frame in a fashion reproducible to
within = 0.09 mm.?!

University of California at
Irvine System

Tobis et al*® have used computers to enhance
the angiographic image by digital subtraction
and, thereby, improve contrast. In their sys-
tem, the incoming video signal from a 7-inch
cesium iodide image intensifier is amplified
and then converted from an analog to a digital
format by the computer. For cardiac imaging,
a 512 X 512 X 8 bit pixel matrix at 30 frames
per second is near the technical limit of data
transfer capability. The digital image may then
be stored for subsequent retrieval or pro-
cessed immediately. A .5- to 2-second precon-
trast image set provides ‘‘masks,’’ which may
be digitally subtracted from the images gener-
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ated during contrast injection to provide en-
hanced vascular images. The advantages of
this technique over conventional angiography
include improved contrast imaging due to the
removal by the computer of overlying and in-
terfering soft tissue densities, the need for
smaller volumes of contrast medium for vas-
cular definition, rapid image processing for
ready visualization, and the ability to post-
procedurally alter the subtracted images for
clinical visualization. This is accomplished
by the computer converting the postproce-
dural stored image (which may be in either
analog or digital form) to a digital format. The
contrast or brightness of the image may then
be altered or a new mask selected. In this for-
mat, the Irvine investigators also used an edge
enhancement algorithm to scan the digital im-
age border, select the points of most rapid
gray-scale change, and sharpen the contrast at
these points; thereby enhancing vessel border
imaging. The major disadvantage of DSA is
misregistration artifact, which develops if mo-
tion (body movement, panning, or respiration)
occurs between the time the mask is generated
and the contrast images performed. This is
such a problem that many users of digital im-
age systems prefer to work with the unsub-
tracted images.

The investigators at the University of Cali-
fornia at Irvine, in a study of 19 patients with
32 arterial lesions,?!' found the digital subtrac-
tion technique to be as sensitive for clinical
application as the film-based cineangiograms
presently in wide use. Using a digitizing com-
puter with a 512 X 512 matrix, filming at 8
frames per second (the authors believed that
due to the subtraction process and contrast
enhancement, the 30 frames per second used
for conventional angiograms was not neces-
sary), and measuring percent stenosis by using
calipers, the investigators found no significant
difference in the severity of stenosis measured
by the two processes. The quality of the digi-
tally subtracted films were believed by the
group to be at least as good as that of the film-
based technique, and although spatial resolu-
tion may be slightly reduced in the digitally
subtracted format, the ability to postproce-
durally alter the final image was believed to
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provide comparably useful image content.
Thus, their initial experience using the DSA
technique for routine clinical angiography has
been encouraging.

Stanford University System

Alderman et al’? and Sanders et al®® at Stan-
ford University have focused their efforts at
improving contrast imaging resolution by de-
veloping a computer-assisted, operator-inter-
active method of defining the lumen borders of
a coronary artery segment at clinical arteriog-
raphy. End-diastolic cine frames that are pro-
jected on a monitor screen are selected by the
angiographer as to visual clarity of the lesion
to be measured. The lesion of interest is mag-
nified using a turrent lens system (up to seven-
fold magnification) and then digitized using a
480 X 512 x 8 bit pixel matrix. The computer
program smooths the random fluctuation in
gray scale due to quantum mottle, using a low-
pass filter. The operator then, with a light pen,
traces the best lumen border on the monitor
screen. The computer then directs densito-
metric scan trajectories perpendicular to the
manually defined border at multiple points.
The point along each trajectory at which the
first derivative of the gray-scale density profile
peaks is defined by the computer as the vessel
edge. Manual operator adjustment of the com-
puter-generated image may then take place.
Magnification correction factors are obtained
as needed from tabular computer memory, be-
ing a defined function of the distance of the
image intensifier from the coronary lesion at
the x-ray isocenter. Using this method, abso-
lute measurements of lumen diameter, seg-
ment lumen area and volume, and percent
diameter reduction from single-plane angio-
graphic views are possible, and the reported
variability in repeat dimensional estimates is
low, approaching that of manual tracing of le-
sions from highly magnified projections.?!:24.28

Thorax Centre—Erasmus University
System
Reiber and colleagues3*3’ in the Netherlands

have developed an operator-interactive, com-
puter-assisted method for automated edge de-
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tection that uses a video display of the pro-
jected image of selected 35-mm cine frames.
The cine film is mounted on a specially con-
structed cinevideo converter, which allows
projection of the selected cine frame through
one of six rotatable lenses, making possible
six different magnification factors onto a video
screen. The video camera is attached to a
movable x-y stage so that an area of interest
may be centered for analysis using the appro-
priate magnification factor. The center of the
resulting video image is then digitized using a
512 x 512 x 8 bit matrix. A calibration factor
is determined for the magnified image pro-
jected using the contrast-filled catheter as a
scaling reference. This factor is expressed in
terms of millimeters per pixel. The computer
then adjusts the final image display to correct
for the magnification factor, as well as for pin-
cushion distortion. This allows for absolute
vessel diameter measurements to be made.

To determine vessel contour, this system
requires the user to make centerline determi-
nations at several vessel segment points using
a writing tablet. A smoothed version of the
centerline is determined using a 96 X 96 pixel
matrix by the computer’s central processing
unit, PDP 11/44, which is interfaced with the
image digitizer. For edge detection, scanlines
are generated perpendicular to the smoothed
local centerline orientation. The edge of the
vessel lumen is defined as the point represent-
ing the weighted sum of the first and second
derivative functions applied to the digitized
brightness information with the use of mini-
mal-cost criteria. A smoothing procedure is
again applied to the detected lumen border
based on a computer-defined centerline. This
centerline is determined by the computer to be
the points midway between the detected and
possibly corrected contours.

Using the user-interactive technique, abso-
lute vessel dimensions, minimum diameter,
mean diameter, and percent diameter reduc-
tion may be computed. The investigators at
the Thorax Centre define the reference diame-
ter (and thus the denominator in the percent
stenosis determination) in two ways: 1) an av-
erage of 11 diameter values in a representative
region around the user-defined reference posi-
tion, and 2) based upon a computer-recon-
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structed prediction of the original vessel diam-
eter at the site of stenosis, allowing for gradual
vessel tapering. Using this technique, the in-
vestigators believe that an assessment of the
atheromatous placque (but not mass) and its
degree of eccentricity may be made (as a func-
tion of the detected lumen contour and the
diameter references).

The investigators at the Thorax Centre re-
port an accuracy and precision of the edge de-
tection process to be —30 um and 90 wm, re-
spectively. Variability in the determination of
absolute vessel dimensions is less than 120 um
and in percent stenosis estimates less than
2.74%. These reported sensitivities are well
within the requirements of the clinical and
research applications of quantitative angi-
ography.

Photodensitometric Analysis

Estimation of arterial segment area may be
made using the technique of photodensitome-
try which is based upon the Beer-Lambert
law.

The Beer-Lambert principle states that a
homogeneous bolus of contrast medium will
fill a vessel in such a manner that the intensity
of x-ray attenuation created, I,, will be di-
rectly proportional to the length, z, of the x-
ray beam path through the vessel:

Ir = Irbe—p.z

where I, is the intensity observed without
contrast and u is the absorbance coefficient of
the contrast medium. The light image signal
generated from the bolus injection is linearly
proportional to the photographic density of
the contrast medium along the x-ray beam
path. The image may then be digitized and
stored or preserved on cine film. If the vessel
is viewed perpendicular to its central longitu-
dinal axis, the density of the contrast at this
point would be proportional to the cross-
sectional area. For purposes of vessel area
analysis, subtraction of background signals
(‘‘noise’’) is done to maximize contrast en-
hancement. The estimated cross-sectional
area of a stenosed segment is then compared
with estimates of nearby ‘‘normal’’ segment
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area and a percent stenosis calculation is
made.

Problems inherent to this technique are sev-
eral. First, subtraction of background signals
may produce misregistration artifact. Second,
thoracic structures which comprise the back-
ground are not uniform in their density, result-
ing in a variable signal to noise ratio in the
segment of interest. Third, this system re-
quires that the vessel be viewed strictly per-
pendicular to its long axis. If the vessel
curves, moves, or is viewed obliquely, the es-
timation of the cross-sectional area will be er-
roneous. These potential sources of error are
particularly pertinent to the analysis of coro-
nary vessels, which are frequently tortuous
and in motion. Despite these limitations, cer-
tain investigators advocate the use of photo-
densitometry for quantitating coronary artery
stenoses.

Harvard-Beth Israel System

Sandor et al’¢-37 at the Beth Israel hospital
have developed an operator-interactive sys-
tem applying the principles of photodensi-
tometry. Using 35-mm cineangiograms, the
frames of interest selected by an operator are
directly digitized using a 175 x 175 pixel 8-bit
gray-scale format. The digitized frames are an-
alyzed by an interfaced PDP 11/70 computer
that generates densitometric data. The digi-
tized image of interest is then displayed on a
Tektronix 4014 viewing scope.

At this point, the operator may use
“‘thresholding’’ of the gray scale and image
magnification to improve the displayed image.
Using electronic cursors, the operator then
identifies a short segment of stenosed and
““normal’’ vessel. This is done by defining an
‘‘analysis window,’’ a single window encom-
passing both diseased and normal vessel seg-
ments in straight arteries or two separate win-
dows in curved vessels. The computer then
defines multiple density profiles within the
windows by scanning the vessel perpendicular
to its long axis. The operator then, using the
cursors, manually defines the vessel borders.
The computer will then calculate the area de-
fined by the operator-determined vessel bor-
der and the computer-determined density pro-
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file. The ratio of density summated area
generated for the stenotic segment relative to
that generated for the ‘‘normal’’ vessel repre-
sents a percent stenosis estimate.

Sandor and colleagues®-7 in phantom stud-
ies found the photodensitometric area estima-
tion to be linear. In addition, in an analysis of
clinically obtained cineangiograms reviewed
by three independent observers, this system
was found to have an intraobserver variability
of 4.5% for a 50% vessel stenosis and 2.9% for
a 90% stenosis. Testing the sensitivity of the
system against the variable background of the
dog thorax, the investigators found a variabil-
ity (SD of multiple estimates) of 20% for tubes
the size of the left main coronary artery but
a variability of 30% for tubes =1 mm in di-
ameter.

This system is clinically applicable but has
limitations in sensitivity due to background
noise interference, the lack of absolute dimen-
sion estimation, and insensitivity of the sys-
tem for vessels of small caliber, unfortunately
the lumen area frequently associated with clin-
ically active disease.

Columbia University System

Nichols et al*® at Columbia University also
have developed a computer-assisted system of
coronary stenosis quantitation applying the
principles of photodensitometry. Using 35-
mm cineangiograms obtained using a 14-inch
cesium iodide intensifier (in the 6-inch mode),
the investigators select a frame for analysis
which is projected onto a video screen.
The selected image is then digitized using
a 512 x 512 pixel matrix by a Nova com-
puter, which is interfaced with a vidicon
camera.

The quantitation of arterial stenosis is then
performed by placing indicator markers (‘‘rec-
tangular regions of interest,”” ROI) of 2 pixel
width over the most narrow arterial region and
over the ‘“‘normal’’ reference segment proxi-
mal to the stenosis. A densitometric value for
the column of contrast within the ROI is - gen-
erated and corrected for background density.
The corrected densitometry values for the
“‘normal’’ artery and the point of greatest ste-
nosis are linearly related to the cross-sectional
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area of the sampled sites. In this manner, per-
cent stenosis may be calculated.

To test the accuracy of this system, Nichols
and colleagues® used phantom models con-
sisting of plexiglass rods of known dimensions
inserted into columns filled with contrast. Us-
ing the densitometric technique described, the
investigators found a near perfect (r = .99)
correlation between known rod size and cross-
sectional area reduction and densitometrically
determined values. Good correlation also was
seen between densitometric analysis of 10 le-
sions from four patients who died shortly after
coronary arteriography and postmortem histo-
logic planimetry of arterial area reduction
(r = .97, SEE = 7.0%). Interobserver vari-
ability (r = .99, SEE = 4.3%) and intraob-
server variability (r = .92, SEE = 7.7%) were
acceptable.

As stated by the authors, this system is a
rapid, reliable, and reproducible method of es-
timating the severity of coronary artery
stenoses. However, the Columbia system, as
with the Harvard system, does not generate
absolute coronary lumen dimensions. Also,
validation of the system was made using phan-
tom models and postmortem vessels of 1.02 to
4.16 mm diameter. The clinical applicability of
the system, therefore, may be limited in the
evaluation of clinically relevant coronary le-
sions.

Measurement of Coronary
Flow Reserve

The limitations of coronary lumen diameter
quantitation make accurate definition of the
three-dimensional coronary atheromatous
plaque difficult. Clinical decisions are com-
monly made based on the estimated lumen di-
ameter when, optimally, these decisions are
best made based on the presence or absence of
adequate coronary blood flow for myocardial
needs under functional circumstances.

University of Michigan Approach to
Perfusion Imaging
One system designed to evaluate the conse-

quence of coronary artery stenosis on coro-
nary blood flow has been developed by Vogel
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et al*® at the University of Michigan. Using 35-
mm cineangiograms viewed on a Vanguard
projector, six consecutive end-diastolic
frames are selected. These frames are then
digitized using a 256 X 256 pixel matrix with
an 8-bit gray scale with the final digitized im-
age representing an average of eight video di-
gitizations. Image enhancement is then per-
formed wusing an interfaced PDP 11/34
computer by subtracting background noise
over six consecutive electrocardiogram-gated
cardiac cycles. Finally, the enhanced image is
color and intensity modulated for functional
analysis of coronary blood flow.

These investigators measured the myocar-
dial contrast appearance time (MCAT) defined
as the time from contrast injection to regional
myocardial enhancement phase in various ar-
terial distributions in humans. They found the
MCAT parameter to be linearly reproducible
and well correlated relative to independent
measurements of coronary blood flow (coro-
nary sinus and great cardiac vein thermodilu-
tion techniques). The MCAT measurement
also was found to be predictively altered de-
pending on the presence or absence of signifi-
cant (> 70%) stenosis in the setting of con-
trast-induced hyperemia. The investigators
therefore believed that MCAT determination
in the face of hyperemic challenge could be a
useful measure of regional coronary blood
flow reserve.

The major drawbacks associated with this
system include the dependence upon patient
cooperation for serial-gated data collection
and the dependence of regional coronary re-
serve on factors other than stenosis severity.
The technique provides useful supportive in-
formation for the clinician interested in the re-
gional coronary blood flow characteristics ef-
fected by proximal coronary artery stenosis.

University of Texas System

Gould and associates**#! evaluated the ability
to predict coronary blood flow reserve based
upon coronary stenosis quantitation. Using an
external constrictor to induce varying degrees
of coronary lumen stenosis in dogs, the inves-
tigators implanted tygon catheters proximal
and distal to the stenosis for purposes of con-
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trast medium injection and pressure monitor-
ing, respectively. Blood flow velocity across
the induced stenosis was measured with a con-
tinuous-wave directional Doppler probe. Cor-
onary stenosis quantitation was performed us-
ing a computer-directed border recognition
system on-line with a VAX 11/780 computer.
Their system is a centerline technique for or-
thogonal cineangiograms to generate a three-
dimensional image of the stenotic coronary
segment. Assuming classic fluid dynamics the-
ory for flexible, stenotic coronary segments in
vivo, the investigators found a good correla-
tion between the degree of fixed coronary ar-
tery stenosis and coronary blood flow reserve.

Conclusion

Most investigators agree that visual estimates
of coronary lumen percent stenosis in the set-
ting of atherosclerotic coronary artery disease
are highly variable and correlate poorly with
other indices of clinical significance. Efforts
have been made to improve the sensitivity of
coronary artery quantitation by applying com-
puter-assisted modalities. Several systems
have been developed using operator-depen-
dent and automated vessel border identifica-
tion. Other systems circumvent the need for
accurate border identification by generating
videodensitometric values for diseased and
normal segments and expressing relative ste-
nosis in these terms. Photodensitometric sys-
tems, however, require independent calibra-
tion for absolute dimensions; to date, these
approaches have proven difficult. Some inves-
tigators have attempted to assess the physio-
logic significance of arterial stenosis in terms
of its impact on coronary blood flow reserve.
As daily clinical decisions and prediction of
patient prognosis are, in part, based upon esti-
mates of vessel narrowing, continued progress
in the quantitation of coronary artery disease
should have considerable impact in the field of
cardiology.
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Hemodynamic Monitoring by
Pulmonary Artery Catheterization

Suresh Ramamurti and Amar S. Kapoor

Introduction

In the critically ill patient, changes in the car-
diovascular system and in its control mecha-
nisms are so sudden and their consequences
may be so grave that direct measurement of
the principle determinants and consequences
of cardiac performance are frequently neces-
sary for optimal care.! Hemodynamic moni-
toring with Swan—Ganz catheter (SGC) has
provided the means to rationally treat those
patients with significant hemodynamic abnor-
malities. Hemodynamic monitoring, there-
fore, is simply the application of the principles
of cardiac catheterization at bedside and clini-
cally as opposed to a specialized laboratory
setting. The initial double lumen catheter was
first described by Swan and associates? in
1970.2 It has undergone many modifications
and can be obtained in various forms from var-
ious manufacturers. Hemodynamic monitor-
ing has little to offer a patient in the absence of
an effective therapeutic plan,® as the proce-
dure is not innocuous and it entails a definite
risk for the patient.

Hemodynamic monitoring should be per-
formed by a physician who is proficient in its
use, usually in an acute-care setting for the
appropriate critically ill patient.

Indications

Inappropriate use of balloon-tipped flow-di-
rected catheter and, conversely, the omission
of catheterization when an indication exists

may lead to morbidity and mortality.> There
are no prospective studies done to determine
the specific indications of pulmonary artery
catheterization. Hence, the physicians must
weigh the potential benefits against the risks in
each patient before performing a bedside pul-
monary artery catheterization. The balloon-
tipped catheter enables one to measure central
venous pressure, pulmonary artery pressure,
cardiac output, mixed venous blood samples,
and systemic and pulmonary vascular resis-
tance.

The major indications for pulmonary artery
catheterization are listed in Table 5.1.3 It rep-
resents the indications most frequently noted
in the literature.

Most patients with acute myocardial infarc-
tion (AMI) do not require bedside catheteriza-
tions and do well despite the presence of
tachycardia, hypertension, or pulmonary con-
gestion. Certain complications require imme-
diate catheterization. Patients with AMI may
have desperate right and left ventricular func-
tion, and their pulmonary artery wedge pres-
sure more accurately reflects left ventricular
function than does the central venous pres-
sure.* In these patients right heart catheteriza-
tion provides an accurate assessment of prog-
nosis and left ventricular function as reflected
by both filling pressure and cardiac output.
Therapy aimed at decreasing myocardial oxy-
gen demand and increasing oxygen delivery
guided by continuous hemodynamic monitor-
ing will hopefully salvage border zones of is-
chemia.’ The Forrester classification is useful
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TABLE 5.1. Indications for pulmonary artery cathe-
terization.

Complicated myocardial infarction or myocardial
ischemia
Hypotension
Congestive heart failure
Sinus tachycardia
Hypertension
Acute mitral regurgitation
Ventricular septal defect
Pericardial tamponade
Right ventricular infarction
Evaluate pharmocologic agents
Assess interventions to decrease myocardial infarct
size
Shock
Pulmonary
Cardiogenic pulmonary edema
Respiratory failure
Respiratory distress of unknown cause
Assess intravascular volume
Vasodilation
Surgical
High-risk patient
Proposed surgical procedure
Postoperative open heart surgical patients
Pediatric
Routine cardiac catheterization
Management of critically ill surgical patients with car-
diac disease

for triaging, assessing and managing patients.
(Refer to Table 5.2.)

Hypotension

The majority of patients with AMI are hypo-
volemic and require volume infusion. Fluid
must be administered cautiously to prevent
pulmonary edema. If initial empirical attempts
at fluid resuscitation fail to increase cardiac
output and blood pressure, catheterization is
performed. Optimal filling pressure in these
patients ranges from 14 to 18 mm Hg as mea-
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sured by pulmonary artery wedge pressure.’
These patients are in subset 1II of Forrester
classification and may require inotropic
agents.

Congestive Heart Failure

Patients with clinical evidence of congestive
heart failure (CHF) but without shock usually
do not require catheterization. However if
standard therapy fails catheterization is per-
formed to assess further therapy. These pa-
tients may benefit from vasodilators.

Sinus Tachycardia

Heart rate is a major determinant of myocar-
dial oxygen consumption. Hence, sinus tachy-
cardia should be aggressively evaluated in the
set up of AMI and treatable causes such as
chest pain, anxiety, congestive failure, infec-
tion, pericarditis should be considered. De-
spite adequate treatment of persistent sinus
tachycardia in the range of 120 to 150 bpm
may be secondary to hypovolemia or exten-
sive myocardial damage. Determining the ex-
act cause may be difficult even for the most
experienced clinician. Right heart catheteriza-
tion will enable the physician to treat the pa-
tient appropriately.

Hypertension

Arterial blood pressure is also a determinant
of myocardial oxygen consumption. Therefore
hypertension (BP > 145/95 mm Hg) compli-
cating AMI should be treated. If hypertension
persists despite adequate treatment, therapy
can be more precisely titrated by means of a
pulmonary artery catheter. Use of beta-block-
ers and vasodilators can be tried and easily
assessed.

TABLE 5.2. Forrester classification for patients with acute myocardial infarction.

Hemodynamic Cardiac index Mortality
subset (L/min/m?) Wedge pressure Clinical class (%)
I 27 x0.5 12x7 Normal 3
I 2304 23+ 5 Left ventricular failure 9
I 1.9 0.4 12+5 Hypovolemia 23
v 1.6 + 0.6 27+ 8 Cardiogenic shock 60
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Acute Mitral Regurgitation and
Ventricular Septal Defect

New murmur after an AMI should suggest ei-
ther acute mitral regurgitation or rupture of
the interventricular septum. The features of
the murmur are often nonspecific and hence
clinical diagnosis cannot be made. Pulmonary
artery catheterization in these patients helps
to differentiate these two entities. Blood sam-
ples are obtained sequentially from superior
venae cava, right atrium, right ventricle, and
pulmonary artery as the balloon catheter is ad-
vanced. The presence of significant ‘‘step up”’
in right ventricle or pulmonary artery oxygen
saturation (a difference of greater than 1 vol%
between the right atrium and right ventricle or
pulmonary artery) is diagnostic of ventricular
septal rupture. Large V waves in the pulmo-
nary artery wedge pressure or retrograde V
wave in the pulmonary pressure wave, on the
other hand, reflect acute mitral regurgitation.¢

Pericardial Tamponade

Cardiac tamponade is commonly related to
trauma, infection, or neoplastic disease. It
also may occur in the set up of AMI, espe-
cially in patients who are anticoagulated. Car-
diac tamponade is characterized by a raising
venous pressure, falling arterial pressure, and
a small quiet heart.” Catheterization is impor-
tant in determining the hemodynamic signifi-
cance of pericardial effusion in the set up of
AMI or ischemia. The diastolic pressure of
right atrium, right ventricle, pulmonary ar-
tery, and left ventricle (reflected by pulmo-
nary artery wedge) are of equal magnitude and
similar contour.

Right Ventricular Infarction

Right atrial pressure equal to or greater than
left ventricular filling pressure has been noted
to be the characteristic hemodynamic finding
of right ventricular infarction.? In addition, el-
evated systemic venous pressure, absence of
pulmonary edema, low cardiac output, and
frequently arterial hypotension are present.?

S. Ramamurti and A.S. Kapoor

Evaluate Pharmacologic Agents

Patients with complicated AMI require diuret-
ics, vasodilators, inotropes, and/or vasopres-
sors. A pulmonary artery catheter is often re-
quired to monitor their response to the
therapy.

Assess Interventions to Decrease
Myocardial Infarction Size

Intra-aortic balloon counter pulsation and ex-
perimental modalities, may require evaluation
by hemodynamic monitoring.

Shock

Shock is defined as a systolic pressure less
than 90 mm Hg on successive determinations
(or 50 mm Hg less than baseline systolic blood
pressure in previously hypertensive patients)
with signs of inadequate tissue perfusion. Var-
ious types of shock include hypovolemic, car-
diogenic, septic, and obstructive etiologies.
Volume infusion is often the initial treatment
of various types of shock. If this does not
work to quickly reverse the shocky state, pul-
monary artery catheter is indicated. This will
provide both diagnostic and therapeutic use-
fulness.

Differential Diagnosis
of Severe Dyspnea

In patients who have co-existing cardiac and
pulmonary failure, it may be impossible to dis-
tinguish them clinically. A pulmonary artery
catheter helps to differentiate the cardiac (in-
creased pulmonary artery wedge and de-
creased cardiac output) from severe pulmo-
nary disease (increased pulmonary artery
diastolic and pulmonary wedge pressure gra-
dient).

Cardiogenic Pulmonary Edema

In addition to patients with AMI, patients with
valvular heart disease, hypertensive cardio-
vascular disease, cardiomyopathy, myocar-



5. Pulmonary Artery Catheterization

dial ischemia, and tachyarrhythmia also may
present with pulmonary edema. Pulmonary ar-
tery catheter is indicated not in all of them but
in the few who do not respond to intensive
treatment.

Respiratory Failure

A frequent cause of mortality in the intensive
care unit is noncardiogenic pulmonary edema
or the adult respiratory distress syndrome
(ARDS). The diagnosis is based on the pres-
ence of radiologic evidence of bilateral pulmo-
nary infiltrates consistant with edema, hypox-
emia (Po,/Fio, < 160), normal left ventricular
filling pressure (PWP), and, if obtainable, in-
creased edema fluid to serum protein or col-
loid osmotic pressure ratio (>.7).° Pulmonary
artery catheter is required in these patients to
exclude cardiac edema and to guide the use of
positive end-expiratory pressure (PEEP).

Respiratory Distress
of Unknown Cause

These are situations when relative contribu-
tion of cardiac and pulmonary disease to respi-
ratory distress is unclear by clinical examina-
tion. Typically, the patient exhibits rales and
ronchi on auscultation. A pulmonary artery
catheter can help differentiate CHF from
pneumonia, pulmonary embolism, ARDS, and
chronic pulmonary disease.

Assess Intravascular Volume

Many patients have heart, lung, or renal dis-
ease that does not allow accurate determina-
tion of volume status based on clinical criteria
alone. These patients may have clinical or
roentgenographic evidence of CHF or in-
creased central venous pressure, but they re-
quire fluid therapy for hypotension, hyperali-
mentation, trauma, severe burns, or massive
transfusion requirements. In this case a pul-
monary artery catheter provides accurate as-
sessment of left ventricular filling pressure,
which allows appropriate treatment.
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Vasodilators

Heart failure from ischemic, valvular heart
disease, or cardiomyopathy manifests as de-
creased cardiac output and increased pulmo-
nary systemic vascular resistance. Vasodilator
therapy has become a standard form of treat-
ment, and hemodynamic monitoring is fre-
quently required in these patients.

Surgical

Hemodynamic monitoring is useful in compro-
mised patients challenged with considerable
stresses of anesthesia and surgery.

High-Risk Patient

Major operations may precipitate left ventric-
ular failure, myocardial or mesenteric infarc-
tion, or acute tubular necrosis in patients with
marginal cardiovascular reserve. In elderly
patients hemodynamic monitoring revealed
mild or moderate physiologic abnormalities in
64% of patients and advanced defects making
patients unacceptable risk for major surgeries
in 23% of patients.!® Therefore, hemodynamic
monitoring may be especially useful in the el-
derly and in patients with underlying cardio-
vascular or respiratory diseases.

Proposed Surgical Procedures

Patients undergoing extensive surgery associ-
ated with increased operative risk and mortal-
ity may benefit from hemodynamic monitor-
ing.!!

Postoperative Complication

Postoperative complications like AMI, car-
diogenic or septic shock, respiratory failure,
cardiac tamponade, and others require a pul-
monary artery catheter for proper manage-
ment.
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Other Indications

Other indications for pulmonary artery cathe-
ter include patients with decompensated cir-
rhosis, peritonitis, or trauma who require cen-
tral catheterization. These patients and
probably many other critically ill patients have
disparate right and left heart pressures.!! In
addition to the useful functions of the flow-
directed catheter, the multipurpose pulmo-
nary artery catheter also provides the capabil-
ity of atrial (A), ventricular (V), or A-V
sequential pacing, overdrive suppression of
atrial or ventricular arrhythmias, and intracav-
itary electrocardiograms to diagnose complex
arrhythmias. 2

Equipment

Equipment for catheterization consists of the
following items: 1) intravascular catheter, 2)
connecting tubing, 3) transducer, and 4) elec-
tronic monitor. The transducer is an electro-
mechanical device (Fig 5.1) composed of a
fluid-filled dome which is applied to a sensitive

-
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FIGURE 5.1. A diagrammatic representation of the
transducer system. The transducer transforms
pulsatile flow into an electrical current.
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FIGURE 5.2. A diagram of Wheatstone bridge prin-
ciple.

diaphragm. Because it is not compressible, the
to and fro motion of the fluid is transmitted to
the diaphragm and results in periodic motion.
On the under surface of the diaphragm, a
strain gauge which is a system of variable re-
sistance, is connected to an electrical compo-
nent called the Wheatstone bridge (Fig 5.2). It
is a rectangular structure consisting of three
fixed electrical resistances and the variable re-
sistance of the diaphragm. When a Wheat-
stone bridge is balanced the variable resis-
tance is adjusted so that the product of two
arms is equalled by the product of the remain-
ing two resistances. When the variable resis-
tance changes, such as when motion is im-
parted to the diaphragm by fluid flow, the
Wheatstone bridge becomes ‘‘unbalanced.”
This induces an electrical current in the sys-
tem which is delivered to an amplifying circuit
in the monitor. Most transducers will produce
an electrical signal of approximately 50 uV for
every 10 mm of pressure applied to the dia-
phragm of its transducer. The monitor then
amplifies the signal by approximately 5 to 10
times to produce a visible tracing on the
screen. There are four major considerations
which involve the intravascular catheter, con-
necting tubing, transducer, and electronic
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monitor: 1) frequency response, 2) relative
natural frequency, 3) damping, and 4) catheter
whip artifact. Accurate reproduction of a bio-
logic signal requires a system that can faith-
fully reproduce frequencies up to 20 Hz. The
clinical implications, therefore, are that a
monitor with an inadequate frequency re-
sponse will display a pressure below the true
physiologic signal. This will be found most fre-
quently when heart rates are rapid and the
waveform is particularly steep, that is in a
rigid cardiovascular system, for example, el-
derly patients with hypertension and arterio-
sclerosis.

The connection between the patient and the
transducer influence the frequency response
curve. The fluid-filled system has a ‘‘natural
frequency.”” When the vibrations in the sys-
tem approach the natural frequency there is a
significant increment in the amplitude of the
power signal. One of the major determinants
of natural frequency of a monitoring system is
the length of the tubing connecting the cathe-
ter to the transducer. As the length of the tub-
ing increases the natural frequency decreases.
Thus, an excessive length of tubing will make
the natural frequency of the system occur in
the physiologic range. The resulting amplifica-
tion created by the overresponse of the ampli-
fier circuits causes the displayed pressure to
exceed the true physiologic signal. As long as
the natural frequency occurs outside the range
necessary to faithfully reproduce the biologic
signal (20 Hz), the monitor reading will display
the correct blood pressure. If an excessively
long piece of connecting tube is used, how-
ever, the system response curve is shifted to
the left so that at 20 Hz there is already over-
response or ‘‘ringing’’ in the system. The
monitor reading in this situation would overes-
timate blood pressure because of the amplifi-
cation in the connecting tubing. This potential
must be considered in monitoring the pulmo-
nary system and the length of the tubing lim-
ited to 4 ft or less.

The third consideration is that of ‘‘damp-
ing.”” Damping represents loss of physiologic
signal in the transmission system. The crea-
tion of the electrical signal depends upon the
motion of the diaphragm of the transducer. If
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some of the physical motion is lost before its
impact on the transducer membrane, the elec-
trical signal will be diminished because the to-
tal physiologic pressure signal has not been
applied. If compliant, that is, soft plastic, tub-
ing is used to connect the catheter to trans-
ducer some of the to and fro motion will be
lost in expanding the plastic tubing. We use
this principle when palpating a peripheral
pulse to detect a similar dispersion of physical
energy into the expansion of the arterial wall.
If low compliant tube is similarly ‘‘pulsatile,’’
energy will be lost and there will be an inade-
quate representation of the original physio-
logic signal reaching the transducer dia-
phragm. The most common artifact to result in
damping is an air bubble in the circuit. Fluid is
noncompressible. Air, on the other hand, is
quite compressible. Transmission of the pres-
sure wave through the tubing to the transducer
depends on the noncompressible nature of the
fluid. In other words the exact amount of mo-
tion in the vascular system is transmitted to
the diaphragm of the transducer. If, however,
a bubble is introduced into the system, part of
the energy of the fluid will compress air and
thus would be lost at the transducer dia-
phragm. There will be more motion of the fluid
column on the patient’s side of the air bubble
than at the diaphragm. LLess movement of the
diaphragm produces a less powerful electronic
signal, and the displayed pressures is, there-
fore, lessened. The effect of damping is ex-
tremely important in measuring pulmonary ar-
terial pressures because there are many
high-frequency components to the pressure
tracing, and the overall pressures are consid-
erably lower than systemic pressures. Thus,
damping will cause underestimation of the
magnitude of the signal and also in removing
the high-frequency components, it may make
interpretation of the waveform impossible. A
large air bubble in a pulmonary artery catheter
system may make the pulmonary artery and
pulmonary artery occlusion pressure tracings
appear virtually indistinguishable.

The last type of error is known as catheter
whip artifact. This occurs in pulmonary arte-
rial circulation and may be found in systemic
arterial pressure monitoring. It is the result of
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the mechanical transmission of the force of the
heart during its contraction. This contraction
is so powerful that it imparts an acceleration
to the catheter sitting within the pulmonary
artery. This is a very high-frequency artifact
and can be handled effectively by incorporat-
ing a filter into the system, much as static can
be filtered out of a stereo record using a high-
frequency filter.

A practical bedside approach to pressure
monitoring has been devised which recognizes
these electronic considerations and yet at-
tempts to safeguard the equipment. The vari-
able resistance in the transducer diaphragm is
extremely delicate. Placing the transducer di-
rectly at the patient’s bedside subjects it to
damage in a busy intensive care unit. By per-
manently positioning the transducer on the
wall behind the bed can reduce breakage of
these delicate instruments. The connecting
tubing in this position must not be longer than
4 ft. Finally, accurate calibration of the trans-
ducer monitor system must be performed to
verify that a known pressure signal is accu-
rately displayed.

Calibration

Introducing a zero reference point and creat-
ing an electrical signal to represent a known
pressure are termed balancing and calibrating.
Calibration of the monitor requires introduc-
tion of a known pressure signal. This can be
done in one of two ways: internal or external
calibration. A simple external calibration sys-
tem which, in fact, tests the transmission tub-
ing, transducer, and monitor seems more de-
sirable because it should be more accurate.
Using this approach, a column of water equiv-
alent to 20 mm Hg pressure is externally ap-
plied to the transducer. Because mercury
weighs approximately 13.4 times as much as
water this would require introduction of a wa-
ter column 26.8 cm (268 mm H,0). This can be
readily accomplished using an intravenous
pole as a calibration tool. An alligator clip is
fastened to the zero point, and the second clip
is fastened at a measured distance of 26.8 cm
above the zero reference point. The free end
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of the transmission tubing is attached to the
zero clip. The end of the tubing is then ele-
vated to the 26.8 cm or 20 mm Hg reference
point and the gain or calibration control is ad-
justed so that 20 mm Hg are displayed on the
monitor. In this system, an actual physical sig-
nal representing 20 mm Hg is applied to the
transducer diaphragm. The free end of the tub-
ing is then placed at the appropriate location
on the patient’s chest wall and a zero refer-
ence signal, or rebalancing, activated. This
process seems easily understandable and in
practice has been repetitively performed by
nurses and technicians with great reliability.

The most commonly used catheter today is
a four-lumen 7-Fr catheter incorporating a
thermistor positioned approximately 5 to 6 cm
proximal to the tip of the pulmonary artery
catheter, and an additional port which is in-
tended to permit pressure monitoring and
blood sampling from the right atrium. The
four-lumen catheter thus permits: 1) monitor-
ing of pulmonary artery pressure (distal lu-
men, balloon deflated), 2) monitoring pulmo-
nary artery occlusion pressure (distal lumen
balloon inflated), 3) right atrial pressure moni-
toring (proximal lumen), 4) cardiac output by
the thermodilution method (thermistor con-
nected to external cardiac output computer),
and 5) sampling of the mixed venous blood
(sample aspirated through proximal lumen).
The catheter is radio-opaque, 110 cm long,
made of polyvinyl chloride, and marked with
10-cm intervals from the tip. These markings
help to determine when to inflate the balloon,
when to suspect catheter looping, and once
the catheter is positioned when to check for
displacement, in the absence of fluoroscopy.
A black ring thicker than the rest identifies the
50-cm mark from the tip.

Procedure

Access to the right atrium may be gained by
percutaneous cannulation (using a modified
Seldinger technique) of the subclavian, inter-
nal jugular, external jugular, antecubital, or
femoral vein. Access also can be established
through a cut down over a peripheral vein
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such as the median basilic vein in the antecu-
bital fossa. This approach is better suited in
patients who are on thrombolytic therapy or in
patients who have an underlying coagulop-
athy. The cut down is done under aseptic
precaution. The venous catheter is carefully
passed through the exposed vein under fluoro-
scopic guidance or can be flow directed.

The internal jugular vein is posterior to the
carotid artery at the base of the skull. As it
descends through the neck, the internal jugu-
lar vein lies lateral and finally anterolaterally
to the common carotid artery. The internal
jugular vein also runs posterior to the middle
of sternocleidomastoid muscle and subse-
quently lies behind the anterior border of that
muscle’s clavicular head. Just above the me-
dial end of the clavicle, the internal jugular
vein joins the subclavian vein to form the bra-
chiocephalic vein. Because of its straighter
path to the heart, the right internal jugular vein
is preferred to the left. This also avoids dam-
age to the thoracic duct and lessens the risk of
pneumothorax due to the dome of the pleura
being lower on the right side. The patient is
usually placed in the Trendelenberg position.
Local anesthesia with 2 to 4 ml of 1% lidocaine
is given. A 3-inch long thin-walled 18-gauge
Cook needle is inserted bevel upward under-
neath the lateral border of the sternocleido-
mastoid muscle, about 5 cm above the clavi-
cle. The needle is directed anteriorly toward
the suprasternal notch at a steady 30° to 45°
angulation to the sagittal and horizontal plane.
The vein is usually entered within 5 to 7 cm.
Once venous blood flows freely, the syringe is
disconnected from the needle, the needle
mouth is occluded with a finger tip to prevent
air embolism, and a 40-cm long J-topped flexi-
ble guidewire is inserted through the needle
into the vein. The guidewire should pass freely
and smoothly; one should avoid any forceful
advancement of the guidewire. If any diffi-
culty is encountered advancing the guidewire
it should be withdrawn in to the needle and
twisted to change direction of the J-tip; the
guidewire should be readvanced. Once the
guidewire is well within the vein, the Cook
needle is removed. The skin puncture site is
enlarged with a #11 scalpel blade, and a dila-
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tor sheath system is advanced over the guide-
wire into the vein. Care should be taken to
ensure that the guidewire protrudes beyond
the outer end of the dilator sheath assembly at
all times. Once in the vein, the dilator and
guidewire are removed and the sheath secured
to the skin with a suture. The pulmonary ar-
tery catheter is then advanced through the
sheath into the vein.

Subclavian Vein

This has been extensively used in the surgical
intensive care unit. Though supra- and infra-
clavicular approaches are available, the infra-
clavicular approach is frequently used. Here
the patient is positioned in Trendelenberg po-
sition. A roll 4 inches in diameter should be
positioned vertically beneath the upper tho-
racic spine. This will permit the shoulder to be
displaced posteriorly and ensure that the nee-
dle can be introduced horizontally. The needle
is inserted at the site where the clavicle makes
the curve to meet the sternum. A 14-gauge
needle is used. A central venous catheter is
introduced, and a guidewire is passed through
the catheter and the needle is removed. The
remainder of the procedure is similar to the
internal jugular vein cannulation.

Femoral Vein

This site is infrequently used. The femoral
vein lies immediately medial to the femoral
artery. First the femoral artery is identified as
it emerges from underneath the inguinal liga-
ment. The femoral vein site is approximately
3 cm below this. After the vein has been punc-
tured the technique is similar to the internal
jugular vein and subclavian approaches.

Cardiac Hemodynamic
Parameters

Cardiac hemodynamics provide greater diag-
nostic precision and furnish a safe means of
assessing the results of therapy (Table 5.3).
The following are the direct variables obtained
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TABLE 5.3. Calculation of hemodynamic parameters.
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Variable

Normal range

Calculation

Cardiac output (CO) 3.5-6.5 L/min

Cardiac index (CI)
Stroke volume (SV)
Stroke index (SI)

Left ventricular stroke work (LVSW) 55-80 gm

Right ventricular stroke work (RVSW) 10-15 gm

Systemic vascular resistance (SVR)
Pulmonary vascular resistance (PVR)
Mixed venous oxygen content (SvO,) 18 ml/100 cc

Systemic blood flow (SBF) 4.5-6.5 L/min

Pulmonary blood flow (PBF) 4.5-6.5 L/min

2.5-4.0 L/min/m?
70—-185 ml/contraction
40-55 ml/contraction/m?

1,100-1,400 dyne/sec/cm™*
120-250 dyne/sec/cm™*

CO = oxygen consumption ~ (sys-
temic arterial O, content — pulmo-
nary artery O, content

CI = CO/BSA (body surface area)

SV = CO/HR (heart rate)

SI = SV/BSA

LVSW = SV (mean arterial pressure,
MAP minus pulmonary arterial
wedge pressure, PCWP) x 0.0136

RVSW = SV (mean pulmonary arterial
pressure, MPAP — central venous
pressure, CVP) x 0.0136

SVR = (MAP — CVP) 80 ~ CO

PVR = (MPAP — PCWP) 80 + CO

SvO, = mixed venous oxygen satura-
tion (%) X 1.36 x Hb

Oxygen consumption + systemic
arterial O, content—mixed venous O,
content (ml/M)

PBF = Oxygen consumption + (pul-
monary venous O, content—pulmo-
nary arterial O, content [ml/L])

from the pulmonary artery catheter: pulmo-
nary artery systolic, diastolic, and mean pres-
sures; right ventricular filling pressures; pul-
monary artery wedge pressures; cardiac
output; and the mixed venous blood samples.
Using the above the following indirect vari-
ables can be calculated: 1) cardiac index (CI),
2) stroke volume (SV), 3) stroke volume index
(SI), 4) vascular resistance, both systemic and
pulmonary, 5) left ventricular stroke work
(LVSW), 6) right ventricular stroke work
(RVSW), 7) oxygen content, 8) arteriovenous
oxygen content difference (AVo,), 9) oxy-
gen delivery, 10) oxygen consumption, 11) ox-
ygen use ratio, and 12) venoarterial admixture
or pulmonary shunt (Qs/Qt). Normal hemody-
namic waveforms are depicted in Fig 5.3.

Cardiac Output

Cardiac output (CO) is the volume of blood
pumped by the heart. Four factors determine
the pump function of the heart, namely, pre-
load, myocardial contractility, afterload, and
heart rate.

Preload is defined as the end-diastolic
stretch of the muscle fiber, which, in the intact

ventricle, is the end-diastolic volume. The
Starling curves can be constructed using the
stroke volume as a function of myocardial fi-
ber length. So the Starling curve can be con-
structed for an individual patient by perform-
ing serial cardiac output and correlating
cardiac output, stroke volume, or stroke work
with different hydrostatic filling pressures.
Three factors influence the preload; they are
blood volume, the distribution of the blood
volume, and atrial contraction.

Contractility

Contractility refers to the change in the veloc-
ity of muscle shortening at any tension level
and to changes in the maximum velocity of
shortening extrapolated to zero level. In-
creases in contractility are associated with in-
creases in cardiac output, and decreases in
contractility are associated with decreases in
cardiac output.

Afterload

It is defined as the tension that develops in the
ventricular wall during systole. The tension is
influenced by aortic pressure, ventricular ra-
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FiGURE 5.3. In the left upper corner is shown the
VIP Swan-Ganz thermodilution catheter. Normal
hemodynamic waveforms are displayed as the cath-
eter is advanced from the right atrium to pulmonary
wedge position. In the upper right corner is an ex-

dius, ventricular wall thickness, aortic compli-
ance, peripheral vascular resistance, and the
mass and viscosity of blood. Afterload in-
creases with increased pressure (hyperten-
sion), an enlarged ventricle (CHF), a thin ven-
tricular wall, increased resistance, and
increased blood viscosity. It decreases with
peripheral or central shunting of blood (A-V
fistula), cirrhosis, sepsis, patent ductus arte-
riosus), vasodilation (hyperthermia, thyrotox-
icosis), or reduced blood viscosity (anemia).

Central Venous Pressure

Central venous pressure is equal to the right
atrial pressure and the right ventricular diasto-
lic pressure. Central venous pressure has been
shown to have little relationship to left atrial
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ample of continuous stroke volume (SV)o, reading
in the pulmonary artery. (Reproduced by permis-
sion from Tilkian A.: Cardiovascular Procedures
and St. Louis, The C.V. Mosby Co., 1986.

or pulmonary artery wedge pressure in pa-
tients with valvular heart diseases,'*! coro-
nary artery diseases,'®!” or pulmonary hyper-
tension.'® In the absence of cardiopulmonary
diseases, central venous pressure remains an
unreliable indicator of right- and left-sided
pressures,'® but the correlation may not be
striking (r = .68).!° The central venous pres-
sure still has a role in the initial volume resuci-
tation, right ventricular infarction, and cardiac
tamponade.

Pulmonary Artery Pressure

Pulmonary artery systolic, diastolic, and mean
and pulmonary artery wedge pressure can be
measured with the balloon-tipped floatation
catheter. Pulmonary artery pressure is equal
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to right ventricular systolic pressure when the
pulmonary valve is open.

Pulmonary Artery Wedge Pressure

The distal opening of a cardiac catheter,
wedged into a small branch of a pulmonary
artery until the vessel was occluded, formed a
free communication with the pulmonary capil-
laries and veins.?® Pulmonary wedge pressure
correlates well with left atrial pressure and left
ventricular diastolic pressures, but may not
adequately reflect left ventricular end-diasto-
lic pressure. The pulmonary artery wedge
pressure is a good indicator of pulmonary ve-
nous hypertension and pulmonary edema.

Pulmonary Artery Diastolic Pressure

Pulmonary artery diastolic pressure reflects
pulmonary wedge pressure with reasonable
accuracy in normal as well as in patients with
left ventricular dysfunction, AMI, and chronic
lung diseases, provided severe pulmonary
vascular changes are not present.?!

Mixed Venous Oxygen Tension

Mixed venous oxygen tension (SV0,) is usu-
ally obtained from the right ventricle or pul-
monary artery. This is a useful index of effec-
tive systemic perfusion or tissue oxygenation,
as it is directly proportional to cardiac output
when arterial oxygen content and tissue oxy-
gen consumption remain constant. A decrease
in cardiac output results in greater oxygen ex-
traction by peripheral tissues, and hence ab-
normally low oxygen saturation is found in the
venous blood returning to the heart. The nor-
mal SVo, is seen in left to right shunt, septic
shock, hyperbaric oxygenation, excess ino-
trope administration, or sampling error.

Cardiac Output Determination

Several methods are available to determine
cardiac output in the critical care unit. The
pulmonary artery catheter uses the thermodi-
lution method that has been developed and
tested clinically.?? This method is simple, re-
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quires no blood withdrawal, and can be per-
formed quickly and repeated several times.
The technique involves the injection of cold
solution in the right atrium and sampling of the
thermodilution by a special thermister in the
pulmonary artery. Small computers and ap-
propriate equipment are now available to de-
termine cardiac output at the bedside.

Complications

Though hemodynamic monitoring is routinely
done in many hospitals through out the world,
complications do occur and they could be fa-
tal. The exact incidence of complications re-
main unknown. The major complications of
pulmonary artery catheter are shown in Table
5.4.

Arrhythmia

Arrhythmia is the most common complication
from pulmonary artery catheterization. In
their original series of 70 patients Swan et al?
reported a 13% incidence of ventricular ar-
rhythmia. The incidence of arrhythmia varies
from 1% to 68% in the literature. This large
difference in the reported incidence may be
due to multiple factors: 1) larger stiffer cathe-
ter is associated with higher incidence of ar-
rhythmia; 2) if less than the required volume
of air is used to inflate the balloon, the cathe-
ter tip will protrude and traumatize the ven-
tricular endocardium inducing arrhythmia; 3)
the experience of the physician doing the pro-

TABLE 5.4. Complications of pulmonary artery
catheterization.

Arrhythmias

Right bundle branch block
Pulmonary infarction
Pulmonary artery rupture
Cardiac complications
Knotting

Infections

Balloon rupture

CVP placement
Thrombosis
Thrombocytopenia
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cedure; 4) the length of time required to do the
procedure, the longer the duration of the pro-
cedure the higher the incidence of arrhythmia;
5) the method of recording the arrhythmia;
and 6) the underlying illness, critically ill pa-
tients are more prone to have arrhythmia.

Bundle Branch Block

The catheter-induced right bundle branch
block, varies from 3% to 6% in different se-
ries. The most likely etiology is due to the
mechanical irritation by the catheter. The
most serious danger of developing right bun-
dle branch block is in the patient who has pre-
existing left bundle branch block and who is at
a risk of developing complete heart block.?
Some investigators have stressed the need for
pacing before pulmonary artery catheteriza-
tion, in patients with baseline left bundle
branch block.?*% The exact incidence of this
complication is not known at this time.

Thrombosis

Thrombosis occurs with any intravascular
catheter. Recently, Chastre et al?® showed
venographic or autopsy evidence of internal
jugular vein thrombosis at the site of catheter-
ization, particularly at the insertion in 22 out
of 33 patients (66%). None of the patients had
clinical evidence of thrombosis. More re-
cently, Hoar et al?’ showed that using a hepa-
rin-bonded catheter prevented intraoperative
thrombus formation.

Insertion of a pulmonary artery catheter
also is associated with platelet consumption
and decrease in the platelet count.?® After re-
moval of the catheter, platelet count begins to
increase but remains depressed for 48 hours.

Pulmonary Damage

Pulmonary complications are predominately
vascular and include pulmonary infarction and
pulmonary artery rupture.?3° An early report
of pulmonary infarction secondary to flotation
catheters showed an incidence of 7.2%.%° Pul-
monary infarction may result from? 1) throm-
bus developing around the catheter and
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emboli passing through the pulmonary circula-
tion; 2) embolization of thrombus formed
within the catheter; 3) occlusion of a branch of
the pulmonary artery due to permanent wedg-
ing of a distally positioned catheter or pro-
longed balloon occlusion; and 4) mechanical
damage to the pulmonary endothelium by the
catheter with subsequent formation of throm-
bus and embolization.

The prevention of pulmonary complications
secondary to pulmonary artery catheterization
requires meticulous attention to the catheter’s
insertion and maintenance. The incidence of
pulmonary infarction should be decreased?® by
1) the use of continuous heparinized flush so-
lution through the pulmonary artery catheter,
2) avoidance of persistent wedging of the cath-
eter, 3) determining that the balloon is de-
flated, and 4) performing chest roentgeno-
graphs immediately after catheter insertion
and frequently thereafter to verify the position
of the catheter tip and to exclude the possibil-
ity of air in the balloon.

Pulmonary Artery Rupture

The incidence of pulmonary artery rupture is
0.2%.3' Most of the reported patients have
been elderly, with evidence of valvular dis-
ease. Anticoagulation increases the severity of
the pulmonary complications.

An immediate chest x-ray will grossly local-
ize the bleeding site. The catheter should be
withdrawn from the site of injury to prevent
further bleeding caused by additional pulmo-
nary artery damage by the catheter.

Cardiac Complications

These include lesion of the right atrial endo-
cardium, tricuspid valve, chordae tendinae,
and pulmonic valve with subsequent valvular
insufficiency.? Septic endocarditis and asep-
tic endocarditis have been reported.?? The
incidences varies from 3.4% to 21%.3 The
prevention of this complication requires 1)
catheter withdrawal with the balloon deflated,
2) never forcing the withdrawal of the catheter
when resistance is encountered, and 3) avoid
prolonged catheterization.
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Knotting

Knotting of the pulmonary artery catheter can
occur within the vascular space.?® Knotting is
more common with small-bore floatation cath-
eters. Dilated heart chambers and repeated
catheter manipulation without fluoroscopy are
predisposing factors. To prevent looping and
knotting the following guidelines should be
followed: 1) fully inflate the balloon in a large
central vein before advancing the catheter to
the right atrium; 2) do not use excessive cathe-
ter length for insertion, insert a maximum of
15 cm of catheter from the right atrium to pul-
monary artery; 3) if possible use fluoroscopy
in patients with dilated cardiac chambers; and
4) fully inflate balloon before insertion.

If knotting occurs one of several techniques
can be used to remove the catheter. Usually
less invasive methods are attempted initially:
1) gentle traction may allow the withdrawal of
the catheter directly from the vein®*; 2) under
fluoroscopy the catheter can be manipulated
into numerous positions to loosen and move
the knot toward and over the catheter tip**; 3)
if the knot is not tight a movable cord guide-
wire can be directed along the major lumen of
the catheter, the adjustable inner core of the
guidewire can be used to stiffen the distal part
and the knot can be loosened or made to
spring open?*; 4) picking at the knot with a firm
catheter also may be useful®’; and 5) if the
knot is wrapped around a cardiac structure,
thoracotomy and cardiotomy may be required
for its removal.**

Infectious Complications

Factors predisposing to infection are: 1) in-
creased duration of catheterization (>72
hours), and 2) increased catheter reposi-
tioning.

Strict sterile technique should be used rou-
tinely to prevent infection. For long-term
monitoring, percutaneous catheter insertion
is recommended, as more infections occur
at cut down site. If the catheter is believed
to be the source of infection, it should be
removed.
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Balloon Rupture

The incidence of this complication is 1% to
23% as reported in different series. The cathe-
ter and the balloon should be tested before
catheterization, as 3% of catheters will have
ruptured balloons.?® If no resistance to infla-
tion is encountered it should be assumed that
the balloon is ruptured and inflation is no
longer performed.

Another potential complication of balloon
rupture is fragmentation of the balloon and
subsequent embolization. The following rec-
ommendations should help avoid balloon rup-
ture: 1) test balloon before insertion, 2) use
catheters only once, 3) do not exceed recom-
mended inflation volume, 4) avoid multiple
balloon inflations, and 5) do not withdraw the
catheter through an introducer with the bal-
loon inflated.

Miscellaneous

Other complications of pulmonary artery cath-
eterization include 1) Bernard-Horner syn-
drome,? 2) placement of the catheter tip into
the wall of the internal carotid artery,*® 3) mas-
sive hematuria,’® 4) pneumoperitonium,* and
5) separation of the hub and shaft of the intro-
ducer with the shaft disappearing into the ve-
nous system.*! The true incidence of compli-
cations of pulmonary artery catheterization
will remain unknown until a large perspective
multicenter study is performed. One should
weigh the risk and benefit when considering
pulmonary artery catheterization.

New Developments

Newer catheters incorporate a fifth lumen
containing fiberoptic bundles, which are used
to measure mixed venous saturation when
connected to the appropriate external instru-
ment. Other catheters incorporate electrodes
that can be used to monitor intracavitory elec-
trocardiograms in both the atria and ventri-
cles. In some instances these can be used for
electrical pacing of the cardiac rate. An addi-
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tional lumen, which terminates in the region of
the right ventricle, would permit the introduc-
tion of an electrode for intracavitory electro-
cardiogram or pacing if the situation war-
ranted.

Another new catheter has a fifth lumen de-
signed to end in the right atrium which can be
used for fluid infusions. This can eliminate the
necessity of interrupting vasoactive infusions
during cardiac output determinations.

New advances in biomedical technology
will be introduced for hemodynamic monitor-
ing in the future. Some of the anticipated ad-
vances include coronary sinus retroperfusion
of arterialized blood into the coronary venous
system to treat myocardial ischemia and for
myocardial salvage. This is a new system that
includes a catheter for obtaining arterial blood
and a balloon-occluding coronary sinus cathe-
ter for delivery of arterial blood only during
diastole.

A new right ventricular ejection fraction
thermodilution catheter will be introduced
shortly. This new catheter measures the car-
diac output, blood volume per heart beat, and
end-systolic and diastolic volumes, and it
computes right heart ejection fraction.

Bedside computer systems incorporating
the new advances in sensor technology and
fiberoptics will interface with pulmonary ar-
tery catheters for generating a complete and
comprehensive hemodynamic profile for each
patient.
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Outpatient Cardiac Catheterization

Peter R. Mahrer

Introduction

Coronary artery surgery and, more recently,
coronary balloon angioplasty have promoted
an increase in the number of cardiac catheteri-
zations performed in the United States each
year. The admission of the patient to the hos-
pital on the day before the study and an over-
night stay after the catheterization is still the
conventional procedure. With the ever in-
creasing cost of hospitalization, the financial
burden of this diagnostic procedure is stagger-
ing.

Our initial experience was on 308 prese-
lected patients,! and the results were so en-
couraging and confirmed by other authors,>
that we continued to perform outpatient cathe-
terization on a routine basis and recently re-
ported our experience on 4,000 consecutive
patients.

Methods

The Kaiser Permanente Regional Cardiac
Catheterization Laboratory is directly adja-
cent to a tertiary-care hospital with a large car-
diovascular surgery experience of approxi-
mately 900 cases per year. The laboratory is
the referral center for the eight hospitals of the
Southern California Region of the Kaiser-Per-
manente Health Plan which provide care to a
population of approximately 1.5 million pa-
tients.

Three distinct types of referrals constitute

the population base for studies at the catheter-
ization laboratory (Table 6.4). Elective outpa-
tients are referred from doctor’s offices or
after hospitalization for a stable cardiac
problem. After the procedure, these patients
are discharged home; hospitalization is re-
quired only for cardiac instability, procedural
complications, or the discovery of threatening
anatomy such as left main stenosis. The sec-
ond group is comprised of patients hospital-
ized at other hospitals for known or suspected
cardiac disease for whom catheterization is
needed on an urgent or emergency basis. They
are transferred to the regional cardiac lab as
an urgent case and then return to their refer-
ring facility unless an acute intervention such
as percutaneous transluminal coronary angio-
plasty (PTCA) or cardiac surgery is carried
out. The third group of patients are hospital-
ized at the on-site tertiary-care hospital.

Before arriving at the Regional Cardiac
Catheterization Laboratory, each patient has
had a full evaluation by his referring cardiolo-
gist with appropriate noninvasive evaluation.
The patient and the referring cardiologist have
reviewed the catheterization procedure and
the expectations for future treatment. An in-
formation packet has been sent to the patient
to further explain the details of the procedure
and the function of the catheterization labora-
tory. Inpatients have instruction from the
membership health education department and
by videocassette over closed-circuit televi-
sion.

Outpatients and transfer patients are admit-
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ted to a seven-bed outpatient observation unit
staffed exclusively by registered nurses with
critical care training. It is equipped to function
as a coronary care unit with electrocardiogram
(ECG) and hemodynamic monitoring and has
the capability to care for unstable patients on
support devices such as respirators and intra-
aortic balloon pumps.

On arrival, patients are again interviewed
and examined by the procedural cardiologist.
Questions are answered by the physician and
nurse staff and written consent for the proce-
dure is obtained. Precatheterization labora-
tory work including complete blood count
(CBCQC), electrolytes, creatinine, ECG, and
chest x-ray is performed on site.

Premedication with meperidine, prometha-
zine, and atropine (as needed for bradycardia)
is routine. Heparin is given intra-arterially
(2,000 to 3,000 units) without protamine sul-
fate reversal. Ninety-seven percent of the pro-
cedures are done by the standard Judkins’ per-
cutaneous femoral approach with 7-Fr
catheters. Sheaths are not routinely used. He-
mostasis is achieved with 10 min of manual
compression, after which a pressure dressing
and sandbag are placed for 4 hours. Patients’
vital signs, fluid intake, urine output, cardiac
rhythm, and symptoms are observed in the ob-
servation unit. Surveillance is maintained for
complications such as bleeding, embolization,
loss of pedal pulses, arrhythmias, and hemo-
dynamic problems. A physician is always
available in the immediate area. Patients are
then checked for orthostatic blood pressure
changes, ambulated, and discharged with spe-
cific written instructions on activity and po-
tential late complications. They are contacted
at home by telephone the day after the proce-
dure by a nurse from the outpatient observa-
tion area. Patients are seen by their referring
cardiologist within 1 to 2 weeks for follow-up
consultation and discussion of the results of
the catheterization (Tables 6.1 and 6.2).

Preliminary results are discussed with the
patients, their families, and the referring cardi-
ologists at the completion of the procedure.
Patients with unstable symptoms or anatomy
are admitted to the hospital for definitive care.
Other reasons for admission include therapy
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TABLE 6.1. Protocol for outpatient catheterization.

Patient informed of purpose of catheterization by refer-
ring physician

A booklet describing the laboratory, description of
procedure, and directions to laboratory is mailed to
patient

Patient comes to holding area in laboratory where ECG,
blood tests, and chest x-ray are obtained

Referral is reviewed, patient is examined and informed
consent obtained by the procedural physician and
premedications administered

Patient is taken to procedure room where diagnostic

study is performed

Judkins’ procedure:
#7 catheters are routinely used, 2000-30000 units of
heparin is given (heparin is not reversed by pro-
tamine); at completion hemostasis is attained by 10
min of pressure and pressure bandage with sandbag
applied to groin
Sones’ procedure:
(Can be done by arteriotomy or by percutaneous
entry into artery) #7 catheters are used—frequently
preformed catheters are utilized; 2000 units heparin
are given intra-arterially; artery is repaired or hemo-
stasis obtained by 10 min local pressure and pressure
bandage

Patient returned to holding area; pulses beyond entry
point, puncture site, BP, and rhythm are checked at
15-min intervals

After 4 hr patient is checked for orthostatic pressure
changes, ambulated, and, if stable, discharged with
written instructions on activity and potential compli-
cations

A follow-up telephone call is made the next day by the
holding area staff to assess the patient’s condition

An appointment is scheduled for patient with his refer-
ring physician who then informs patient about further
management

for congestive heart failure, renal failure, and
vascular complications. On-site consultation
is available from the cardiac surgery depart-
ment. All cases are then reviewed at the end of
the day with the senior staff of the cardiac
catheterization laboratory, a cardiac surgeon,
the cardiac fellows, and attending cardiolo-
gists. Dispositions regarding medical therapy,

TABLE 6.2. Exclusions from outpatient cardiac
catheterization.

Only patients currently hospitalized with cardiac symp-
toms are studied on an in-patient basis
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additional workup, and interventions with
PTCA or surgery are then made in consulta-
tion with the referring cardiologist.

Results

We reviewed 4,094 consecutive cardiac cathe-
terizations in detail; 2,207 (54%) were per-
formed on elective outpatients, 1,330 (32%) on
patients from other hospitals, and 557 (14%)
on inpatients at the tertiary-care hospital. The
rate of normal studies was 11%, left main dis-
ease (greater than 50% stenosis) was present
in 5% of patients studied for coronary artery
disease, and 55% of all patients studied ulti-
mately required intervention with PTCA or
surgery (Table 6.3).

The complications rate in this group of con-
secutive patients was low. There was one
death in the elective outpatient group and four
in the transfer patients. All deaths were re-
lated to left main disease. Complications of
myocardial infarct, cerebral vascular acci-
dents, vascular problems, and bleeding for all
groups are given in Table 6.4. Ninety-one per-
cent of the elective outpatients were dis-
charged home on the day of the procedure,
and there were no admissions for late bleeding
(Table 6.5). The complication rate in our se-
ries is comparable with the other large series
reported by Klinke et al> and Fierens.?

Discussion
A special report by the Health and Public Pol-

icy Committee of the American College of
Physicians in 1986 compiled a table of compli-

TABLE 6.3. Severity of illness.
Type %

Intervention 55%
(surgery or
PTCA)

Left main disease
(50% or greater)

Normal studies

5% of patients studied for CAD

11% of patients studied for CAD

CAD = coronary artery disease.
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TABLE 6.4. Diagnostic studies
(November 1983—June 1986).

Type No. %
Outpatients 2207 54%
Transfer patients 1330 32%
Inpatients 557 14%

Total 4094 100%

TABLE 6.5. Reasons for admission after cardiac
catheterization.

Demonstrated disease mandates urgent intervention, by
PTCA or surgery

Congestive heart failure or threatening arrhythmia

Renal failure or other metabolic abnormalities

Orthostatic hypertension

Bleeding or vascular complications

cation rates reported in 30 prior studies of car-
diac catheterization from 1968 to 1982.%7 Mor-
tality rates ranged from 0.3% to 2.1%. Our
overall complication rates among 4,094 pa-
tients for mortality (0.17%), myocardial in-
farction (0.02%), cerebral vascular accidents
(0.08%), vascular problems (0.12%) were well
within the rates quoted. We also noted a low
rate of normal studies (11%) and a high rate
(55%) of patients needing surgery or PTCA.
This reflects the multiple levels of screening
before catheterization that involves primary
care physicians, referring cardiologists, and
the senior staff of the catheterization labora-
tory. Patients selected for an intervention usu-
ally had symptoms refractory to medical ther-
apy or had threatening anatomy such as left
main stenosis, high-grade three-vessel dis-
ease, critical aortic stenosis, and so on. We
believe our study population is comprised of
patients with disease of greater severity than
reported in other studies, yet our complication
rate remains quite low.

When we examined our outpatient series,
we also found our mortality rates to be low
compared with other series of similar size.
Klinke et al® reported 0.13% mortality in 3,071
outpatients studied. Fierens® had 0% mortality
among 5,107 outpatients. Our study with 2,207
elective outpatients had only one mortality
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(0.05%) (Table 6.6). Our complication rates
for myocardial infarction (MI), CVA, and
bleeding were low as well. In addition, there
were no late admissions for bleeding among
the outpatients. No increased complications
were related to the outpatient nature of the
procedure. We believe, therefore, that outpa-
tient cardiac catheterization performed at a
hospital site is as safe a procedure as other
comparable studies done on inpatients.

There was also no increase in complications
among patients transferred directly to the
catheterization laboratory. In particular, no
complications could be attributed to the same-
day transfer of patients between hospitals be-
fore and 4 hours after the procedures. Cardiac
catheterization can therefore be performed
safely on inpatients transferred from an out-
side hospital directly to the catheterization
laboratory. This avoids unnecessary readmis-
sion to another hospital before the procedure
solely to perform cardiac catheterization. The
4-hour observation period before discharge
from the catheterization laboratory to home
or back to the referring hospital on the same
day appears to be sufficient for patients who
are not admitted because of demonstrated
disease.

The American College of Cardiology (ACC)
and the American Heart Association (AHA)
released a statement in March 1986 on outpa-
tient cardiac catheterization.® They stated,
“‘Outpatient cardiac catheterization can be
performed safely in carefully selected patients
within a hospital facility. Patients with the fol-
lowing conditions should not ordinarily un-
dergo outpatient cardiac catheterization be-
cause of potential risks involved.’’ They then
list a large number of high risk conditions.

TABLE 6.6. Complications.
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Generally, most of the high-risk patients
would already be hospitalized and we would
thus disagree with applying these criteria to
outpatients. Our only exclusion from an out-
patient study was current hospitalization for
cardiac symptoms (Table 6.2). If a patient is
stable enough to be home before catheteriza-
tion, the procedure is not complicated, and if
immediate review of the data by the senior
staff indicates that no urgent intervention is
necessary, then admission solely for the car-
diac catheterization is not necessary. We
found no increased complications doing car-
diac catheterization without specific exclu-
sions as suggested by the AHA and the ACC.
Klinke et al®> also had no specific exclusion
criteria for outpatient studies. Although cer-
tain patients required admission for unstable
symptoms or anatomy after the procedure,
91% of our outpatients were discharged home.
Klinke et al> reported 97% same-day dis-
charges. We believe cardiac catheterization
can be performed safely on all outpatients,
and appropriate decisions for admission can
be made after the procedure. The majority of
patients can be discharged after the proce-
dure.

Stone et al,!® in a review of left main coro-
nary artery disease, found the incidence of
this subgroup to be 9% to 10% in patients with
coronary artery disease undergoing coronary
angiography. The mortality associated with
cardiac catheterization in 1,727 collected
cases with left main disease was 2%. We have
noted this increased risk of death in left main
disease in our last report in 1981. Since then,
we take extra precautions with patients found
to have left main disease during the catheteri-
zation. Despite this, all our deaths were re-

Outpatient Transfer patient Inpatient

(2011) (1330) (557)
Death 1 (.05%) 4 (.27%) 2 (.36%)
Myocardial infarction 1 (.05%) 0 (.00%) 0 (.00%)
Cerebral vascular accident 1 (.05%) 0 (.00%) 2 (.36%)
Vascular problems 3(.15%) 2 (.15%) 0 (.00%)
Late admission for bleeding 0 (.00%) 0 (.00%) 0 (.00%)
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TABLE 6.7. Analysis of deaths.

Date Diagnosis

Outpatients

1985 Left main disease
Transfer patients

1984 Left main disease

1984 Left main disease

1985 Left main disease

1986 Left main disease
Inpatients

1984 Retroperitoneal bleeding

1986 Aortic stenosis in pulmonary edema

lated to left main disease (Table 6.7). This is a
mortality rate of 2.5% and comparable with
other studies.

Outpatient catheterization can be done with
#7-Fr catheters with no apparent penalty in
bleeding complications. Smaller bore cathe-
ters have been somewhat more difficult to use
in patients with tortuous vessels and unusual
anatomy and do not appear to reduce the al-
ready low incidence of bleeding and vascular
complications. The use of 7-Fr sheaths have
probably reduced bleeding and vascular com-
plications in patients in whom there are prob-
lems with percutaneous access. Because of
the concern for sensitization, protamine sul-
fate is not used; unexpected allergic reactions
have been reported in the cardiac litera-
ture.'23 Hemostasis is readily achieved with
manual compression.

The major factor responsible for the safety
of outpatient cardiac catheterization is the
staffing of the outpatient observation area with
nurses trained and experienced in critical care
of the cardiac patient. The nurses are respon-
sible for the care of the unstable patient during
the conduct of the procedure, regularly assist
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in complex procedures such as angioplasty,
and thus are intimately aware of the potential
problems attendant to cardiac catheterization.
Their surveillance and care of the patient dur-
ing the patient’s stay in the catheterization
laboratory is the core of the success of our
outpatient catheterization program.

Although freestanding facilities may safely
perform catheterizations in stable outpatients,
their lack of immediate surgical access is a
potential liability. Quality control in a high-
volume laboratory serving as a regional refer-
ral center with immediate access to surgical
consultation and intervention allows for safe
conduct of catheterization procedures in virtu-
ally all circumstances. Rapid access to surgi-
cal and hospital facilities additionally gives the
patient a sense of confidence during the proce-
dure.

In summary, we believe a hospital-based fa-
cility specifically designed for outpatient car-
diac catheterization offers many advantages to
the patients. The safety of the procedure is
comparable with inpatient studies. Informa-
tion and management decisions flow smoothly
between the physician performing the cathe-
terization, the surgeon, the referring physi-
cian, and the patient and families. Patient sat-
isfaction is improved because of less anxiety
related to hospitalization and to loss of normal
activity and employment time. An attentive
nursing staff particularly skilled in the care of
the cardiac patient and expert in the specific
problems attendant to catheterization proce-
dures allows a high degree of safety (Table
6.8).

Cost savings are estimated to be approxi-
mately $1,000 per case. This savings is real-
ized entirely from the absence of hospitaliza-

TAaBLE 6.8. Outcome of patient studies.

Elective
(N = 2207)

Transfers
(N = 1330)

Admission for
observation or
intervention;
N = 196 (9%)

Same day discharge;
N = 2011 91%)

Same day return  Admission for

to referring observation or
hospital; N = intervention;
996 (75%) N = 334

(25%)
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tion and the cost of inpatient care. This
translates to approximately a $1,300,000 sav-
ings per year at our institution. Given a cur-
rent US population of 230 million, this would
translate to a savings of approximately $200
million dollars in the delivery of health care.

Acknowledgments. 1 thank L. Youngblood,
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The Evolution of Coronary Artery
Disease: New Definitions from
Coronary Angioscopy

James S. Forrester, Ann Hickey, Frank Litvack, and

Warren Grundfest

Why does a healthy person have a myocardial
infarction without prior warning? Why does a
patient with stable coronary disease suddenly
become unstable? For this century, as coro-
nary heart disease became the nation’s num-
ber one Kkiller, these enigmas have remained
unanswered. Even our most definitive diag-
nostic tools have been inadequate to answer
these questions. Noninvasive imaging does
not show us the coronary arteries; coronary
angiography does not show the minute details
of the blood vessel surface; autopsies are per-
formed remote from the patient’s initiating
symptoms. The development of fiberoptics in
the communications industry, recently applied
to cardiology, has given us some intriguing an-
swers to these questions. Fiberoptic angios-
copy provides detailed information about the
coronary endothelial surface at the time when
the patient is symptomatic. This new informa-
tion has clarified the cause of each of the four
major unstable coronary chest pain syn-
dromes (accelerated angina, unstable rest an-
gina, myocardial infarction, ischemic sudden
death). In this chapter we describe the tech-
nique of angioscopy, how each coronary syn-
drome has a specific endothelial cause, and
how each endothelial condition is one phase
of a repeating cycle of vascular injury and
healing.

Method of Angioscopy

The angioscopes we use range in external di-
ameter from 0.5 to 2.8 mm. For examination

of small vessels, we use the 0.5 OD angio-
scope (Advanced Interventional Systems,
Costa Mesa, CA) or a 0.7 mm OD devices
(American Edwards Laboratory, Santa Ana,
CA). These devices consist of approximately
5,000 individual fibers for transmitting the in-
travascular image. The imaging fibers are sur-
rounded by a concentric ring of illumination
fibers. For visualization of larger vessels, we
have used angioscopes in the 1.4 to 1.8 mm
OD range (Olympus Corporation of America,
New Hyde Park, NY). These scopes have ap-
proximately 8,000 individual imaging fibers,
and all the angioscopes are covered by flexible
polyvinyl chloride catheter housings. We use
a 1,000-watt xenon light source (Storz, Los
Angles, CA) for illumination.

The image that emerges from the fiberoptic
bundle is too small for direct visualization.
Therefore, all images are relayed through a
video coupler to a light-sensitive video camera
(the Sharp professional 320 model and the
Sony DXC 1850 camera are both suitable). Im-
ages from the camera are transmitted on line
to a high-resolution video monitor (Sony PVM
1960) and permanent recordings are made on a
3-inch videotape recorder (Sony 5880).

We have tested spatial resolution in our an-
gioscopes using a standard imaging phantom
consisting of 200-, 64-, and 34-um line pairs.
The angioscopes we use have a line pair reso-
lution between 200- and 64-um at 5 mm, and a
minimum focus distance from 2.0 to 6.5 mm.

Different methods are used for peripheral
bypass and coronary artery angioscopy. In pe-
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ripheral vascular angioscopy, we perform an-
gioscopy after completion of the graft-artery
anastomosis. Blood flow is controlled by vas-
cular tapes or clamps. Because backflow fre-
quently amplifies the field despite interruption
of flow, we frequently irrigate the field while
imaging. We use crystalloid solution delivered
through a coaxial angiocatheter. The infusion
is delivered through a 300-mm Hg pressurized
bag. The usual infusion volume is 200 to 400
ml, magnitude delivered at 2 to 4 ml per sec-
ond. We advance the angioscope by rotation
without force, while viewing the image on the
television monitor. The angioscope is ad-
vanced while maintaining coaxial position, of-
ten using external manual deflection. Coro-
nary arteries and bypass grafts are examined
with the aorta clamped during cardiac arrest.
We insert the angioscope through the distal
arteriotomy site and advance it retrograde to
visualize both the native coronary artery.
Conversely, we inspect vein grafts by passing
the angioscope through its proximal end, be-
fore completion of the aortic anastomosis. In
the intracardiac procedures, we displace
blood by infusion crystalloid cardioplegia so-
lution through either the aortic root cannula or

Stable Atheroma

STABLE ANGINA

J.S. Forrester et al.

through a coaxial 18-gauge catheter. The vol-
ume of flushing solution we use is comparable
with that used in peripheral angioscopy.

Relationship Between Coronary
Disease Syndromes and
Endothelial Pathology

Figure 7.1 describes the relationship between
endothelial pathology and clinical symptoms
that we see at angioscopy.!? Coronary artery
disease begins as a fatty streak on the blood
vessel surface. Over time the streak enlarges
to become a plaque. If the plaque is quite
large, it can be obstructive and cause stable
angina; if it is not obstructive, the disease is
symptomatically silent. Some of these plaques
ulcerate, causing immediate platelet aggrega-
tion at the site. The platelet aggregates release
powerful coronary vasoconstrictors, which
are capable of producing accelerated angina.
The platelets periodically attach and are dis-
lodged by the flowing blood. If these down-
stream emboli are sufficiently large, they can
cause sudden ischemic cardiac death. The
platelet aggregates often evolve to create a

Healing Ulceration = ————— Emboli
INCREASED ACCELERATED SUDDEN
STENOSIS ANGINA DEATH

Partial Thrombus

l UNSTABLE REST ANGIN;I

1

Complete Thrombus

MYOCARDIAL INFARCTION

FIGURE 7.1. The ulceration—thrombosis cycle of coronary disease.
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small thrombus. If the thrombus mass is suffi-
ciently large to partially obstruct the vessel,
the patient develops unstable rest angina. If
the thrombus becomes completely obstructive
it causes myocardial infarction.

Approximately 90% of patients survive
these acute events. The endothelial ulceration
heals quite rapidly (within a few weeks) and
the thrombus dissolves (often within a week).
Healing is characterized by proliferation of fi-
brous tissue and sometimes also includes in-
corporation of the thrombus in the blood ves-
sel wall. Both these processes tend to increase
the magnitude of stenosis at the site of injury.
The process of healing and stabilization,
therefore, often comes at the price of rapid
progression in atheroma size. When the
plaque becomes large enough to obstruct
blood flow, it causes stable angina. This stable
plaque may subsequently rupture again, and
the cycle is repeated. Thus, the conundrum of
sudden onset of myocardial infarction or sud-
den death without prior symptoms is under-
standable, when examined at the endothelial
level. Coronary disease is, in fact, character-
ized by long periods of stability punctuated by
sudden catastrophe. Those who survive the
catastrophe return to stability over several
weeks. This pattern is the logical outcome of
the previously unrecognized events of endo-
thelial pathology.

In the discussion that follows, we use our
case examples to integrate our angioscopic
data with information from coronary angiogra-
phy and postmortem examination to describe
how the continuum of clinical symptoms is a
reflection of events on the coronary endothe-
lial surface.

Stable Angina

Case History: A 65-year-old female presented with
a 2-year history of stable angina pectoris, 2.5 mm
horizontal ST segment depression during exercise,
a strongly positive thallium test consistent with
multivessel disease, and greater than 90% stenosis
in all three major coronary arteries.

Angioscopy: There is a smooth, crescent shaped
yellow-white atheroma protruding into the coro-
nary lumen (Fig 7.2A). Smooth atheroma of vary-
ing size and morphology were seen throughout the
length of the vessel.

71

Histology: Figure 7.2B shows a large mature ather-
oma with an intact endothelial surface and a heavy
fibrous cap. At the base of the atheroma there is an
area of necrosis. Although most of the necrotic
core is lost in preparation, macrophages still line its
wall.

In stable atherosclerotic disease we see
many smooth atheroma in a single blood ves-
sel. The lesions are highly variable: some are
tiny oblong bumps, others are quite large. As
the lesions enlarge they appear to lose their
regular shape; the great majority are localized
and eccentric. By histology the atheroma pass
through stages that correspond to angioscopy.
The small nonocclusive fatty streaks are com-
posed dominantly of lipid-laden macrophages.
As the atheroma enlarges, smooth muscle
cells migrate into the subendothelium in the
area of the lipid-laden macrophages. The
smooth muscle cells change from being con-
tractile to being synthetic; they produce fi-
brous tissue that encircles the lipid, creating
an atheroma core. Over this core, there is a
fibrous cap of varying thickness. The fibrous
cap lies just beneath the intact endothelial sur-
face. Thus, our angioscopic-histologic correla-
tion leads us to the already widely accepted
conclusion that stable angina is caused by par-
tially obstruction of coronary blood flow cre-
ated by smooth-surfaced atheroma.

Accelerated Angina

In all four unstable chest pain syndromes the
endothelial surface is no longer smooth. Ac-
celerated angina is the least severe of the un-
stable coronary syndromes.

Case History: A 66-year-old male presented with a
3-week period of accelerated angina pectoris. The
accelerated syndrome was only partially respon-
sive to nitrates and beta-blockers. At angiography
he was found to have severe stenosis in all three
major epicardial coronary arteries. Electrocardio-
gram during pain revealed anterolateral ST seg-
ment depression.

Angioscopy: Figure 7.3A shows the angioscopic
image of this stenosis. The endothelial surface is
disrupted and there is subintimal hemorrhage. The
endothelial surface has no thrombus.

Histology: Serial sections of this type of ulceration
show progressive thinning of the fibrous cap at the
point of rupture.
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FiGURE 7.2. A) A stable atheroma in the left de-
scending coronary anterior of a patient with stable
angina pectoris. B) An atheroma with a necrotic
core covered by a fibrous cap. (Reprinted with per-
mission from Friedman et al: Am J Pathol 1966;
48:19.)

J.S. Forrester et al.

Endothelial ulceration is the distinguishing
feature between acute and stable coronary dis-
ease, as seen by angioscopy. All but one of
our accelerated angina patients has had an en-
dothelial disruption. There are probably two
underlying causes. The first is rupture of the
atheroma through the endothelial surface.
Coronary endothelial ulcerations often bear a
histologic resemblance to the inflammatory
foreign body response, which is due to prod-
ucts released from activated macrophages.
Many ulcerations, however, resemble a super-
ficial crack, causing some authors to postulate
that ulceration is a “‘stress fracture’’ induced
by repetitive bending during cardiac contrac-
tion.? Willerson et al* have proposed that the
ulceration causes accelerated angina by plate-
let aggregation and subsequent release of va-
soconstrictive compounds. Based on our an-
gioscopic data, we believe that endothelial
ulceration is the cause of accelerated angina.

Sudden Death

The fate of platelet aggregates may relate to
rate of blood flow at the ulceration site. Some
aggregates initiate thrombus formation, lead-
ing to unstable rest angina or myocardial in-
farction. Alternatively, the platelet-thrombus
may embolize. Figure 7.3B, from Davies et
al,’ shows such an embolus in a small intra-
myocardial coronary artery in a patient who
had sudden ischemic cardiac death. Falk®
found microemboli distal to coronary thrombi
in 73% of sudden ischemic cardiac deaths,
strongly suggesting that the cause of sudden
ischemic cardiac death is embolus-induced fa-
tal ventricular arrhythmias. These data lead us
to infer that coronary emboli can cause sud-
den ischemic cardiac death.

Unstable Rest Angina

Accelerated angina frequently evolves to be-
come unstable rest angina. We differentiate in
the two conditions by the additional symptom
of chest pain at rest in the latter.
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Case History: A 70-year-old male presented with
new onset, unstable rest angina (increasing fre-
quency with rest pain). He had an inadequate in-
hospital response to nitrates, beta-blockers, cal-
cium-channel blockers, and heparin. The
electrocardiograms showed transient inverted T-
waves in the anteroseptal leads, but there was no
CK elevation. His angiogram revealed a 95% left
anterior descending coronary stenosis.

Angioscopy: Figure 7.4A shows an image was re-
corded just distal to the stenosis. There is a bright
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FIGURE 7.3. A) An endothelial ulceration in the left
anterior descending coronary artery of a patient
with accelerated angina. B) An embolus in a small
branch of coronary artery, distal to a coronary
thrombosis. (Reprinted with permission from Davis
et al: Circ 1986; 73:418-427.)

red partially occlusive thrombus just distal to the
stenosis. The thrombus surface undulated during
infusion of the clear viewing solution, but was not
dislodged.

Histology: Figure 7.4B shows a coronary artery
with a partially occlusive intraluminal thrombus.
There is rupture of the fibrous cap that covered an
atheroma cavity, and at the point of rupture there is
thrombus formation. Beneath the point of rupture
lies an atheroma. The thrombus contains choles-
terol crystals.
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The symptomatic distinction between un-
stable rest angina and accelerated angina is
sometimes difficult; so also is the separation of
endothelial ulceration from partially occlusive
thrombus—after all, they are part of a contin-
uum. Nevertheless, we classified all but one of
our 12 unstable rest patients as having throm-
bus compared with none in our stable angina
group.? Careful pathologic studies have re-
peatedly found that more than 90% of coro-
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FIGURE 7.4. A) A fresh partially occluded coronary
thrombosis in a patient with unstable rest angina
pectoris. B) A partially occlusive coronary throm-
bosis attached to an endothelial ulceration (cour-
tesy, Dr. Meyer Friedman).

nary thrombi are attached to an endothelial
ulceration, also indicating the causal relation-
ship between coronary endothelial ulceration
and thrombosis.”

Mulcahy et al® found that unstable rest an-
gina frequently becomes stable after several
days of supportive medical therapy. These
clinical data suggest that spontaneous lysis is
common; the angiographic literature suggests
that it is rapid. Thus, Rentrop et al’ found
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complete thrombotic occlusion is found in
only 33% of patients 14 days after infarction,
although many investigators have shown that
the prevalence is 80% to 90% in the first 4
hours. Angioscopic images of coronary arter-
ies a few weeks after transmural anterior
myocardial infarction show an endothelial sur-
face is ulcerated, but often there is no throm-
bus, suggesting endogenous thrombolysis.
These data suggest that the most common fate
of coronary thrombosis is spontaneous lysis.
Based on our angioscopic data, we believe
that partially occlusive thrombosis causes un-
stable rest angina, and that it usually disap-
pears by endogenous thrombolysis.

Myocardial Infarction

Duncan et al'° found that about 20% of pa-
tients who have unstable rest angina progress
to acute myocardial infarction. The evolution
can occur over days or even weeks. This sug-
gests that the rate of thrombus formation is
highly variable, and that it even can be epi-
sodic. The concept of episodic progression of
thrombus is supported by Falk’s!! autopsy
identification of two or more layers in 81% of
the thrombi from unstable angina patients.!? In
fact, clinical studies suggest that about a third
of patients with acute myocardial infarction
have an unstable angina prodrome of days to
several weeks immediately preceding the in-
farction.!?13 Therefore, we believe that par-
tially occlusive coronary thrombi in unstable
rest angina can progress slowly and episodi-
cally to occlusion, providing a window of op-
portunity for preventive therapy.

In the majority of cases, however, myocar-
dial infarction begins with sudden onset of
chest pain. In these cases the development of
total thrombotic occlusion is presumed to be
rapid, following the rupture of the necrotic
atheromatous debris into the flowing blood
stream.

Case History: A 66-year-old man presented with a
1-year history of stable angina and the sudden onset
of severe chest pain that waxed and waned over
several hours. During hospitalization, the pain re-
cured and an ECG revealed ST segment elevation
in the inferior leads. He immediately received hep-
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arin and intravenous tissue plasminogen activator
and experienced complete relief of pain within 30
min, but soon thereafter symptoms recurred. At
angiography, he had total left circumflex coronary
artery occlusion.

Angioscopy: The left circumflex coronary artery at
the site of angiographic occlusion has a coronary
thrombus obstructing approximately 90% of the lu-
men (Fig 7.5A).

Histology: Figure 7.5B shows a portion of a throm-
bosed segment of the left anterior descending coro-
nary artery of a patient who died 90 min after the
onset of symptoms. A large atheroma cavity has
ruptured into the lumen. Cholesterol clefts are em-
bedded in the thrombus which occludes the lumen.
In the atheroma cavity there are many cholesterol
clefts, and an area of calcification lies in direct con-
tact with the cavity.

Two competing forces determine whether
the thrombus becomes completely occlusive.
The first factor is the magnitude of coronary
obstruction before ulceration; the second is
the efficiency of endogenous thrombolysis.
Thus, Falk! found that complete thrombotic
occlusion was common when the obstruction
compromised more than 75% of the original
lumen. Conversely, when the pre-existing ste-
nosis obstructed less than 75% of the original
lumen, complete obstruction occurred in only
3% of cases. The data suggest that an exten-
sive endothelial disruption can heal if the pre-
existing stenosis is not severe. We believe that
the fate of a developing coronary thrombosis
is determined by the magnitude of stenosis
when the atheroma ruptures through the endo-
thelial surface.

Healing and Rapid Progression of
Coronary Stenosis

The histologic sequence changes of healing
that follows experimentally induced coronary
endothelial disruption is remarkably similar to
that of atheroma formation. After endothelial
injury, platelets attach and a thrombus forms.
Macrophages ingest the platelets and fibrin.
Soon thereafter smooth muscle cells appear in
the subintima and begin to synthesize fibrous
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tissue. The thrombus is covered by new endo-
thelium and incorporated into the vessel wall.
The site of prior endothelial damage is often
not readily identifiable by 4 weeks after the
injury.

If the endothelial injury is at an atheroma
site, however, the healing process comes with
an added cost. In the animal laboratory there
is accelerated development of atheroma after
balloon injury; in fact, this is a standard
method for inducing atheroma formation. The
human analog of experimental endothelial in-
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FIGURE 7.5. A) A completely occlusive coronary
thrombosis in the left anterior descending coronary
artery. B) A coronary thrombosis containing frag-
ments of the endothelial surface and cholesterol
clefts in a patient who died soon after the onset of
an acute myocardial infarction. (Reprinted with
permission from Friedman et al: Am J Pathol 1966;
48:19.)

jury is unstable angina. In patients who have
had angiography before and after the episode,
75% exhibit rapid localized progression of
stenosis at the injury site. Thus, the healing
process leads to stabilization of the acute cor-
onary syndrome, but often at the cost of rapid
progression of coronary stenosis at the injury
site. We believe that healing of an endothelial
ulceration is a major cause of rapid localized
progression of coronary atheroma in patients
with both stable and unstable coronary syn-
dromes.
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Therapeutic Implications

Four categories of therapy could interrupt the
repeating cycle of ulceration, thrombosis, and
healing as the disease progresses through dif-
ferent stages. The therapies are those that
prevent ulceration, inhibit platelet aggre-
gation, lyse thrombi, or promote endothelial
healing.

Because the mechanism of endothelial rup-
ture remains undefined, there are as yet no
treatments that prevent endothelial ulceration.
We suspect that rupture of the atheroma is
caused by compounds released from activated
macrophages. We need to investigate the ef-
fects of antioxidants anti-inflammatory agents,
and, at some later time, the effect of mono-
clonal antibodies that are specific for sub-
stances that are discovered to induce endothe-
lial ulceration. Platelet inhibitors have been
shown to be effective in patients with syn-
dromes suggesting coronary ulcerated endo-
thelium. Such treatment both reduces platelet
emboli and impedes thrombus formation. In
the Veterans Administration trial of buffered
aspirin, Lewis et al® randomized 1266 men
with unstable angina to treatment or placebo.
There was a 51% lower cardiac event rate
at 3 months in the aspirin-treated group. Re-
cently, comparable results have been re-
ported from a Canadian multicenter trial by
Cairns et al.'®

Because streptokinase, urokinase, and tis-
sue plasminogen activator effectively lyse
thrombi, such agents could be effective in pre-
venting a partial coronary thrombosis from
evolving to total coronary occlusion. The
available data are thus far inconclusive. Gold
et al'” found a sharp reduction in the fre-
quency of persistent angina and intracoronary
thrombus in unstable rest angina 1 week after
streptokinase infusion, although lytic agents
alone, without follow-up angioplasty, is prob-
ably in inadequate therapy. Lawrence et al'®
reported a statistically significant reduction in
cardiac event rate at 3 months in a small group
of unstable angina patients who received a 24-
hour infusion of streptokinase. Yet, there is
understable reluctance to use these relatively
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high-risk agents (2% stroke, 20% bleeding) in a
condition that usually (80%) resolves with
supportive therapy. As there is an ongoing ef-
fort to develop safer, more specific, thrombo-
lytic agents, continued testing in unstable rest
angina seems inevitable. At present, we use
heparin for systemic anticoagulation in all our
patients, but do not routinely use lytic agents
in unstable rest angina.

Our experience from angioscopy leads us to
believe clinical coronary disease is caused by
acycle of events at the arterial endothelial sur-
face. These are readily defined events: a stable
atheroma ulcerates, platelets aggregate,
thrombus forms, and the lesion heals. Each
stage in this cycle causes a specific clinical
syndrome, and each can benefit from specific
therapy. Although we must now define the cel-
lular mechanisms responsible for this cycle,
our gross understanding of the pathogenesis of
clinical syndromes described in this chapter
provides a paradigm of acute and chronic cor-
onary disease that should lead to new break-
throughs in its therapy.
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Interventions in the Evaluation of
Valvular Heart Disease

Indubala N. Vardhan and Amar S. Kapoor

Cardiac catheterization is usually performed
with the patient at rest. Although cardiovascu-
lar function in many patients with clinical
heart disease is apparently within the normal
range at rest, the application of a standardized
stress often will reveal abnormalities. Every-
day activities entail largely dynamic muscular
exercise and partly isometric exercise. The
hemodynamic effects of dynamic exercise are
complex and modulated through a closely in-
tegrated mechanical, neural, and humoral he-
mostasis.! Because dynamic exercise is the
major form of exertion in everyday activity
and most familiar to humans, it is the most
commonly used cardiovascular test. Isometric
(or static) exercise is described as sustained
muscle contraction that occurs without joint
or axial skeletal movement. Isometric exer-
cise occurs repeatedly with most activities of
daily living.

Dynamic and isometric exercises done in
the cardiac catheterization laboratory assist us
in evaluating valve gradients at high flow
rates, left ventricular function, coronary blood
flow, and other important data to derive a
functional level of cardiac impairment.

Physiology of Dynamic Exercise

Oxygen consumption can increase up to 12-
fold in normal sedentary subjects during maxi-
mal exercise. Oxygen consumption depends
on the integration of cardiovascular, meta-
bolic, and pulmonary reserves,’ and, thus,

maximal oxygen uptake is the highest amount
of oxygen that an ambulatory person can ex-
tract. During exercise oxygen uptake rises
rapidly and reaches a higher steady state level.
This new higher level is directly proportional
to the level of exercise.>* Increase in the arte-
riovenous oxygen occurs, which is due to the
fall in the mixed venous oxygen saturation.
The fall in the mixed venous saturation also is
related to the degree of exercise.?

Exercise causes increase in cardiac output.
An important hemodynamic linear relation-
ship exists between cardiac output and oxygen
consumption during exercise.! Cardiac output
increases by 590 ml/min per m? for an increase
of 100 ml/min per m? of oxygen consumption.3
This is an important concept for evaluating the
cardiac output response to the intensity of ex-
ercise and the rapidity of oxygen uptake. An
exercise factor has been described.! This is the
increase in cardiac output with exercise di-
vided by the corresponding increase in oxygen
consumption. An exercise factor that is less
than 600 ml/min per m? divided by 100 ml/min
oxygen consumption indicates insufficient car-
diovascular reserve. Arterial blood pressure
increases during submaximal supine and up-
right exercise. This response is somewhat
variable.? Peripheral vasodilation occurs dur-
ing exercise, which causes a fall in the periph-
eral arteriolar resistance,’ thus indicating that
the increase in blood pressure is primarily due
to increase in the cardiac output. There is an
increase in the heart rate, which may be large
in response to submaximal stress and cardiac
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output with stroke volume changing very lit-
tle.346-11 If the heart rate is kept constant,
there is an increase in the cardiac output simi-
lar to the increase found when the heart rate is
allowed to change.!? This increase in cardiac
output with the fixed heart rate is largely medi-
ated from increased stroke volumes.!?

Dynamic Exercise and Left
Ventricular Function

The relationship of end-diastolic and stroke
volume or stroke work determines left ventric-
ular performance during exercise.!* Three ma-
jor mechanisms have been described that may
cause an increase in left ventricular perfor-
mance in normal subjects.!* They are increase
in the heart rate, increase in inotropism of
the heart, and Starling’s law. During exercise
cardiac systolic and diastolic dimensions de-
crease. This increases the speed at which the
blood is ejected at any given level of exercise
and also increases the volume of blood
ejected.!> 16 Starling’s law, that is, increase in
the diastolic tension and size, occurs in a few
patients which further increases the filling and
emptying of the heart.'*!” Increases in left
ventricular filling pressure during supine leg
exercise has been attributed to the different
methods of carrying out exercise.!®!° Exercise
in the sitting position causes both the mean
pulmonary capillary wedge and left ventricu-
lar end-diastolic pressure to increase, al-
though these pressures are lower in the sitting
than in the supine position.!”

Isometric Exercise

Isometric exercise is sustained muscle con-
traction that occurs without joint or axial skel-
etal movement. No external work is per-
formed during isometric exercise. There is
only a modest increase in the oxygen con-
sumption (Vo,) compared with dynamic exer-
cise.
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Cardiovascular Responses to
Isometric Exercise

The first report on isometric exercise was pub-
lished in 1920. Detailed studies on the topic
were reported by Lind and colleagues.!® They
proposed that the mean arterial pressure
(MAP) response was not related to muscle
mass but was due to the relative (percent max-
imum) tension that developed in the muscle.
Sustained isometric contraction results in
marked increase in systolic, mean, and dia-
stolic pressure regardless of whether it in-
volves extension of the lower extremities (leg
pressure) at the knee or the flexor groups at
the elbow (sustained handgrip).?° The increase
in arterial pressure was mainly due to an in-
crease in heart rate with little change in the
stroke volume or peripheral vascular resis-
tance in normals.?’ The exact nature of this
reflex is unclear and it may be related to sup-
pression of vagal activity when afferent neural
impulses are sent from the exercising mus-
cles.20.21

Isometric Exercise and Left
Ventricular Function

Increase in myocardial contractility and Frank
Starling mechanisms are responsible for the
increase in the left ventricular performance
during isometric exercise.?? Left ventricular
function is best described by the left ventricu-
lar performance and preload. Work and stroke
work index increase during handgrip exercise
in normal persons.? There is little change in
left ventricular end-diastolic pressure,? and in
some studies, left ventricular end-diastolic
pressure was found to decrease in some pa-
tients, implying an increase in the contractile
state.? In normal subjects, handgrip exercise
results in a decrease in left ventricular end-
systolic and end-diastolic volumes with a
slight increase in ejection fraction.” When
studies are performed on myocardial mechan-
ics in normal human beings during isometric
exercise, there is an increase in V., the the-
oretic maximal velocity of shortening of the
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muscle, that is, the contractile element at zero
load and in left ventricular peak dp/dt.?2% An
increase in the inotropic state of the left ven-
tricle occurs as noted from intraventricular
pressure recordings. Another way to demon-
strate increased contractility would be to
compare left ventricular stroke work and
changes in left ventricular filling pressure.
Stroke work expresses the external work of
the left ventricle and is a measure of stroke
volume and pressure. If filling pressure does
not change and stroke volume is increased, it
suggests increased inotropism Frank Starling
law is used when, instead of the above, the
filling pressure increases to increase stroke
work. End-diastolic pressure is presumed to
be equal to left ventricular fiber tension.'

Methods to Evaluate Impaired
Left Ventricular Function

Methods used to assess left ventricular func-
tion in diseased states include exercise, atrial
pacing, and isoproterenol infusion. The most
common cause of left ventricular dysfunction
is coronary artery disease, which causes re-
gional dysfunction. A dramatic rise in left ven-
tricular end-diastolic pressure occurs with
exercise in patients with coronary artery dis-
ease. This is accompanied by a fall in ejection
fraction. Both these changes occur even be-
fore the onset of angina or electrocardio-
graphic evidence of ischemia.?’ As stated ear-
lier, ejection fraction in patients with minimal
or no cardiac disease increases. In patients
with previous myocardial infarction (scar)
with no evidence of ongoing ischemia, the
ejection fraction does not change and remains
unchanged, whereas in patients with ischemia
the ejection fraction tends to fall with exer-
cise.?’” With continuation of exercise there is
an increase in the heart rate, systolic pressure,
and left ventricular dp/dt, in addition to the
rise of the left ventricular end-diastolic pres-
sure.?® As exercise continues and pain in-
creases electrocardiogram (ECG) changes oc-
cur, left ventricular dp/dt falls slightly, with
no change in heart rate or arterial pressure.

This is well demonstrated by a left ventricular
diastolic pressure—volume relationship curve
which does change significantly in patients
with previous myocardial infarction or those
with normal coronaries but shifts upward in
patients with ischemia and usually occurs dur-
ing episodes of ischemia suggestive of dia-
stolic stiffness of the left ventricle.?”-?

Regional contractile abnormalities also oc-
cur in patients with coronary artery disease
during exercise, which may be normal at rest.
In patients with coronary artery disease, that
is, ischemia, there is no improvement in the
shortening velocity with exercise as compared
with normals where shortening velocity im-
proves with exercise.?’

In patients with severe left ventricular fail-
ure, the heart is unable to increase cardiac
output and oxygen delivery to the tissues ade-
quately. With exercise the heart rate, oxygen
consumption, stroke volume, and cardiac in-
dex rise, but this is associated with a rise in
the mean capillary wedge pressure.®® Along
with this rise in the mean pulmonary capillary
wedge pressure, right atrial pressure rises and
systemic arterial oxygen content also in-
creases with no change in the arterial carbon
dioxide tension.’® When compared with nor-
mal patients, anaerobic metabolism occurs at
about half the normal capacity in patients with
severe left heart failure. Thus, exercise pro-
vides an acute volume and pressure overload
on the ventricle and easily brings out the un-
derlying loss of cardiac reserve.

Exercise in Valve Diseases

Hemodynamic changes in valve diseases can
be elucidated during exercise in patients who
have the valvular stenosis or regurgitation of
borderline physiologic significance.

Mitral Valve Disease
Mitral Stenosis

In patients with mitral stenosis the systemic
arterial pressure did not change strikingly with
exercise.? It is unclear whether the tachycar-
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dia accompanying exercise may mask the rise
in left ventricular end-diastolic pressure due to
shortening of the diastolic filling period. How-
ever, the change and relationship of left ven-
tricular end-diastolic pressure and stroke
work index in patients with mitral stenosis
with exercise is similar to normal patients.'?
When isometric exercise is conducted on a pa-
tient with mitral stenosis, a lesser increase in
the heart rate and blood pressure is observed
as compared with dynamic exercise.?! When
patients with mitral stenosis are compared
with normal controls there are similar in-
creases in left ventricular systolic pressure.3?
Left ventricular end-diastolic pressure is un-
changed in normals, and in patients with mi-
tral stenosis with good left ventricular func-
tion but increases significantly in those
patients who may have diminished myocardial
contractility3?>3* due to associated disease
such as coronary artery disease. The mean
pulmonary capillary wedge pressure and the
mean arterial pressure increases in patients
with mitral stenosis, although the pulmonary
vascular resistance does not change.’? The
diastolic gradient across the mitral valve also
increases with isometric exercise. The eleva-
tion in the left ventricular end-diastolic pres-
sure may indicate which patients may not do
as well as those with normal left ventricular
end-diastolic pressure with exercise after sur-
gery.

To summarize, isometric exercise in pa-
tients with mitral stenosis does not alter the
inotropy or chronotropy of the heart’s normal
response unless left ventricular dysfunction
and significant elevation of the pulmonary ve-
nous pressure is present. Associated mitral re-
gurgitation and/or atrial fibrillation does not
have any effect on the hemodynamic response
to exercise in patients with mitral stenosis.??

Mitral Insufficiency

Exercise testing in patients with mitral insuffi-
ciency is valuable in correlating symptoms
with hemodynamic parameters. Volume over-
load, which occurs in patients with mitral in-
sufficiency, may not be of consequence at rest
but may unmask during exercise. Cardiac out-
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put may not increase appropriately in patients
with left ventricular dysfunction, but in those
patients in whom cardiac output increases
there will be associated increase in pulmonary
capillary wedge pressure and left atrial pres-
sure, and the presence of *“V’’ waves may be
seen on the pulmonary wedge tracings.! The
most important indication for dynamic ex-
ercise in patients with mitral regurgitation
is its functional correlation with symptoms
which the patient experiences only with ex-
ertion.

Aortic Valve Disease
Aortic Stenosis

Patients with aortic stenosis have higher left
ventricular end-diastolic pressure than nor-
mals.’33 When dynamic exercise testing is
done in patients with aortic stenosis there is an
increase in left ventricular end-diastolic pres-
sure, much greater than the increase in cardiac
index.!>3 When changes in left ventricular
end-diastolic pressure are compared with
stroke work index, those patients who had
normal ‘‘exercise factor’’! increased their
stroke work index immensely.!? This could be
explained on the basis of one of two factors: 1)
positive inotropic effect causing a changed
end-diastolic volume, or 2) through the Frank
Starling mechanism.

The aortic valve gradient and the aortic
valve systolic flow are the two parameters
used to calculate the aortic valve area. Some
workers3536 reported that the aortic valve gra-
dient uniformly increases with exercise,
whereas others3’3° have not found the average
value of the aortic gradient to change signifi-
cantly. Aortic systolic blood flow increases
during exercise,’*? and this increase is more
as a consequence of increase in the cardiac
output, which is much greater than the in-
crease in the systolic ejection period.*®

Change in the aortic valve area during exer-
cise has been found in all reports.!3-3%37.3 The
increase was in the calculated valve area, and
the average valve area remained unchanged.
Data suggest that the aortic valve area may
not be a fixed orifice®® and found that changes
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in the aortic valve area correlated with the
changes in the parameters which reflected the
energy. Thus, leaflet excursion depends on the
greater or lesser energy generated by the con-
tracting left ventricle during exercise. This po-
tential for orifice change during exercise de-
pends on the underlying pathologic process
involving the aortic valve and the change in
left ventricular function, which in turn de-
pends on associated aortic regurgitation, se-
verity of stenosis, and coronary artery dis-
ease.

Aortic Regurgitation

Occurrence of irreversible myocardial dys-
function precludes patients with aortic regur-
gitation from doing well after successful valve
replacement. To determine optimal time for
surgery and identify the high-risk patient who
may not do well after surgery, several prog-
nostic indicators have been proposed.

Most patients with chronic aortic regurgita-
tion have an abnormal ejection fraction during
exercise.*4#2 Most patients who have symp-
toms due to aortic regurgitation and have de-
pressed left ventricular functional reserve dur-
ing exercise tend to have depressed left
ventricular function even after surgery.*> Fall
in left ventricular ejection fraction during ex-
ercise has been thought to be an intermediate
stage between normal left ventricular function
at rest and clinical left ventricular dysfunc-
tion.*? Exercise in patients with chronic aortic
regurgitation is usually a complex process in-
volving preload, afterload, and contractility.*
Thus, the change in ejection fraction may be
variable in these patients. Hence, it is impos-
sible to determine whether a change in ejec-
tion fraction during exercise is due to change
in loading conditions of the heart or due to left
ventricular dysfunction due to myocardial de-
generation.*3* Left ventricular ejection frac-
tion at rest and during peak exercise is a better
correlate of myocardial contractility than the
change in left ventricular ejection fraction
with exercise due to the above reasons and
also due to the fact that the amount of regurgi-
tant flow also decreases during exercise.*%
Other markers for left ventricular dysfunction

are peak oxygen uptake and end-systolic vol-
ume, both of which correlate well with the pul-
monary artery wedge pressure.*

Exercise may be a useful tool to identify
those patients who have left ventricular dys-
function due to stress, but with normal left
ventricular function at rest. This may also help
to decide the optimal time for valve replace-
ment in these patients.

Isoproterenol Test

Another method to determine cardiovascular
reserve is isoproterenol loading. Isoproterenol
is a beta-agonist, is rapid acting, and has simi-
lar actions on the myocardium as epinephrine
and norepinephrine.

The responses seen with isoproterenol infu-
sion and exercise are similar. Afterload de-
creases resulting in a change in mean left ven-
tricular volume. Left ventricular end-diastolic
volume and pressure remain unchanged and
stroke volume is maintained. This occurs de-
spite the tachycardia that occurs with isoprel
infusion. Ejection fraction also increases. The
increase in cardiac output is similar as with
exercise by increasing heart rate. The re-
sponse to isoproterenol infusion in patients
with ischemic and valvular heart disease is
similar to normal patients. This is the major
drawback as it does not aid in differentiating
normal patients from patients with diminished
cardiac reserve or left ventricular dysfunction
due to any cause.*

The only exception is in patients with
idiopathic hypertrophic subaortic stenosis
(IHSS). In these patients it causes a decrease
in the end-systolic and end-diastolic dimen-
sions of the left ventricle mainly due to its
positive ionotropic effect and also aided by
arteriolar dilatation.*” The left ventricular end-
diastolic pressure may increase, decrease, or
remain unchanged. The above reasons are re-
sponsible for increasing left ventricular ob-
struction in patients with THSS. In patients
who have insignificant gradient at rest isopro-
terenol can result in a significant systolic pres-
sure gradient. It also unmasks mitral regurgi-
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tation in patients who do not appear to have
mitral regurgitation in the basal state.*

Cold Pressor Test

The cold pressor test (CPT) was first de-
scribed in 1932.48 This may be used as an alter-
nate method for evaluation of left ventricular
function and ischemia to exercise, as exercise
is time consuming and cumbersome.* This is
a sympathetic reflex stimulus causing de-
crease coronary blood flow due to increased
coronary resistance secondary to coronary
vasoconstriction.”® The hemodynamic effects
of local stimulation include a rise in both sys-
tolic and diastolic blood pressure, increase in
heart rate, which is variable, and an increase
in the pulmonary and systemic vascular resis-
tance.’® Left ventricular function is deter-
mined by the fall in ejection fraction and de-
velopment of global and regional wall motion
abnormalities by radionuclide angiography.
The ejection fraction response in normals is
variable.’? In patients with coronary artery
disease the mean ejection fraction decreases
significantly. The sensitivity to detect coro-
nary artery disease has varied in the literature
from 55% to 94%.4-5253 The specificity has
been reported to be 100% in one study.* This
has been questioned by others,’? and they
state that it requires a long time to provoke
global and regional wall motion abnormalities
by cold stimulation, and the rapidity with
which these return to baseline makes it diffi-
cult.

Wall motion analysis improves the sensitiv-
ity of the test. When compared with exercise
the sensitivity, specificity, and predictive ac-
curacy appears to be much lower with the cold
pressor test.3?

To conclude, exercise appears to be the best
test to evaluate left ventricular function and to
correlate the physiologic significance of valve
disease. The sensitivity of the cold pressor
test has been reported to be 38% to 94%, with
a specificity ranging between 90% and 100%.
The sensitivity of exercise when wall motion
is studied with radionuclide angiography has
been reported to be 95% sensitive and 95%
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specific. Atrial pacing has the drawback of not
being reproducible,’ and unless reproducibil-
ity is tested it may not be reliable.
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Interventions for Evaluation of

Myocardial Ischemia

Amar S. Kapoor, Diane Sobkowicz, and David E. Blumfield

Myocardial ischemia is caused by decreased
oxygen supply, increased demand, or a combi-
nation of the two. The episodes of ischemia
may be silent (painless) or with pain. The con-
cept of ‘‘total ischemic burden’’ was intro-
duced to represent the sum of all episodes of
ischemia.! The painful episodes, which may
be due to increased workload on the heart or
an increase in vasoconstrictor tone with de-
creased supply, and the painless episodes con-
stitute the total ischemia burden.

It is one of the frustrations of the clinician to
quantify ischemia with coronary anatomy, be-
cause coronary anatomy does not necessarily
translate the physiologic status and the ten-
dency of the patient to develop ischemic epi-
sodes. The development of an ischemic event
causes an imbalance in myocardial oxygen
supply and demand which in turn sets off a
chain of events with left ventricular dysfunc-
tion, electrocardiographic, and hemodynamic
changes culminating in angina. This patho-
physiologic sequence of events is termed the
““ischemic cascade.’’? Repeated episodes of
““‘ischemic cascade’ can disrupt myocardial
function at the cellular level. Prolonged peri-
ods of ischemia may result in stunning of the
myocardium.? One has to consider the total
ischemic burden, taking into account the se-
quence of ischemic cascade resulting in
stunned myocardium and ischemic left ven-
tricular dysfunction.

For prognostication, diagnosis, and treat-
ment of total ischemic burden, we may need

new tests or a combination of the existing tests
and interventions because visual quantitation
of coronary obstructions by conventional an-
giographic approaches will not provide physi-
ologic and functional assessment of angio-
graphically documented coronary artery
obstruction.*

There are shortcomings, even in the proper
interpretation of coronary angiograms, due to
interobserver and intraobserver variability;>-®
hence the need for interventions to evaluate
myocardial ischemia, for provocation of coro-
nary artery spasm, and assessment of viable
myocardium in the postinfarct state.

There are several technical methods for
evaluating ischemia in a semiquantitative
manner. Stressing the heart by atrial pacing
and measuring various parameters to docu-
ment ischemia and ischemic cascade are well
established. One can measure a number of pa-
rameters using different techniques, such as
thallium myocardial scintigraphy, echocardio-
graphy, radionuclide ventriculography, meta-
bolic studies, and scanning.

We briefly describe technical aspects and
indications for the various tests. We know
that vasomotor tone effects changes in epi-
cardial and intramyocardial vessels, and it
can cause segmental or generalized reduction
in luminal diameter, and the dynamic shifts
in the luminal diameter are unpredictable;
hence the sensitivity, specificity, and predic-
tive accuracy of any of these tests is de-
creased.
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Stress Atrial Pacing

This procedure is performed with electrocar-
diographic monitoring with multiple leads, es-
pecially leads II, V;, and V5. A bipolar flared
pacing catheter (Atria Pace I, Mansfield Scien-
tific, Mansfield, MA) is inserted through a ve-
nous sheath percutaneously via the femoral,
subclavian, or internal jugular, or through a
venous cutdown. Under fluoroscopic guid-
ance, the pacing leads are advanced into the
right atrium. A bipolar catheter is more fre-
quently used because it affords more stable
electric capture with at least one atrial lead in
contact with the right atrial wall at all times. If
a unipolar catheter is used, the best location
for atrial pacing is at the superior vena cava,
right atrial junction, or the coronary sinus.
The lateral right atrial wall also has been used
but is commonly displaced by movement of
the patient or respiration and may disrupt the
study. Also, phrenic stimulation causing dis-
comfort to the patient is more likely in this
position.

After the pacing catheters are positioned,
the bipolar pacing catheter is connected to the
pacemaker unit directly. If necessary, exten-
sor wires with alligator clamps may be used.
Unipolar catheters need to be connected to a
generator unit and appropriately grounded.
The atrial pacing threshold and ventricular
capture of the pacemaker at 2 to 3 mA are
checked with the heart rate set 10 beats/min
greater than the patient’s resting heart rate.
The pacing threshold can be increased as
needed, up to 7 to 8 mA.

Once atrial capture with ventricular conduc-
tion is obtained, atrial pacing should be per-
formed. This is done by increasing the pacing
rate by 10 beats/min every 5 seconds up to 150
beats/min. If atrioventricular block occurs, at-
ropine, 1 mg intravenously, should be given to
facilitate conduction in the A-V node. When a
heart rate of 150 beats/min is achieved, pacing
may be stopped as this will conclude the pre-
testing phase.

Start the pacing stress test by pacing the
patient 20 beats/min above the resting heart
rate and increase the pacing rate by 20 beats/
min every 2 minutes until evidence of ische-
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mia by standard electrocardiogram (ECG)
changes (1 min or more of horizontal or
downsloping ST segment depression) or 85%
maximal predicted heart rate is achieved.

Throughout the pacing stress test, as previ-
ously stated, leads II, V;, and Vs, as well as
blood pressure, should be continuously moni-
tored with 12-lead ECGs obtained before the
prior procedure, at each pacing level, and im-
mediately after pacing. If ECG changes and/or
symptoms are preset immediately after pac-
ing, a 12-lead ECG should be obtained every 2
minutes until changes and/or symptoms have
resolved.

If chest discomfort occurs during the study,
one may safely continue to pace at the same
heart rate for 3 to 5 minutes to collect the ap-
propriate data, as ischemic symptoms resolve
rapidly after pacing is ceased. Rarely do
symptoms or ECG changes persist for more
than 1 to 2 minutes after the return to baseline
rate.

Hemodynamic assessments can be made si-
multaneously with thermodilution balloon-tip
flow-directed catheters, left heart catheters,
and/or arterial lines in place to evaluate right-
and left-sided pressures.

Chest Pain and
Electrocardiogram Changes

When atrial pacing was first introduced as a
diagnostic tool for ischemic heart disease by
Sowton et al” in 1967, chest pain or heart rate
of 160 beats/min was used as the ischemic
threshold. Subsequently, Helfant et al® in
1970 reviewed atrial pacing with angina pec-
toris or heart rate of 160 beats/min as the end-
point of the pacing stress test, and found only
50% of the subjects with known coronary ar-
tery disease (CAD) had chest pain, although
other markers of ischemia (metabolic abnor-
malities, ECG changes) were evident. There-
fore, considerable lack of correlation between
chest pain and objective evidence of ischemia
was noted. Cokkinos et al*® then recom-
mended the use of atropine routinely to obtain
higher pacing rates to increase testing sensitiv-
ity. However, Robson and colleagues'® subse-
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quently performed atrial pacing in subjects
with and without CAD, and found chest pain
in patients without CAD when heart rate was
greater than or equal to 180 beats/min. These
markedly high pacing rates also caused prob-
lems with pacemaker spike, obscuring ECG
changes within the ST segment.?® These stud-
ies, in addition to using high pacing rates and
chest pain as an endpoint, did not routinely
monitor Vs. Therefore, with a large percent-
age of false-negatives and false-positives,
atrial pacing was not found to be useful in the
diagnosis of CAD.

Heller et al,'* in 1984, re-evaluated the use
of atrial pacing with a study protocol using the
presently recommended guidelines of the end-
point of the study being 85% predicted maxi-
mal heart rate or ECG changes (including 12-
lead ECG monitoring and II, V;, Vj)
indicative of ischemia or chest pain only if as-
sociated with objective evidence of ischemia.
Results were then compared with exercise
testing and angiographic studies. The overall
sensitivity and specificity of chest pain alone
was reaffirmed to be low with either exercis.
treadmill testing (44.% sensitivity, specificity
67%) or atrial pacing (50% sensitivity, speci-
ficity 67%). Overall sensitivity of atrial pacing
is 94% with a specificity of 83% when ischemic
changes are used as diagnostic of CAD and
not chest pain alone. Limiting the rate ob-
tained to 85% (maximum predicted heart rate)
obviated the problem of ST change distortion
by pacemaker spike of P-R prolongation and
markedly reduced the problem of false-posi-
tive studies that Robson et al'? encountered in
83% of his normal subjects with high pacing
rates.

Therefore, it was concluded that right atrial
pacing tachycardia was a useful and reliable
tool in assessing the presence of CAD. It was
also thought it might be especially useful in
patients unable to complete exercise tolerance
testing.

Rapid atrial pacing use also was evaluated
as a prognostic indicator for future myocardial
events (e.g., remyocardial infarct, cardiac
death) versus treadmill testing by Tzivoni et
al.!” After 16 months of follow-up, the predic-
tive value of a positive right trial pacing re-
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sponse was 20% compared with exercise
treadmill testing (including submaximal stud-
ies in which the maximal heart rate obtainable
was 116 beats/min), which was 13%.!7 How-
ever, in postinfarction patients with a compa-
rable pressure—rate product or exercise tread-
mill testing, the predictive value was not
statistically different.

In clinically high-rate postinfarction pa-
tients (postinfarct angina pectoris, congestive
heart failure, or more than 70%) in which pre-
discharge exercise treadmill testing was not
performed, rapid atrial pacing was safely con-
ducted and identified a subset with poorer
prognosis that was not evident by clinical
symptomatology alone.

Other electrocardiographic markers for
myocardial ischemia, such as Rivane ampli-
tude,'® also have been studied and noted to be
useful in conjunction with standard ischemic
ECG changes.

Atrial Pacing With Thallium
Perfusion Studies

To increase the sensitivity and specificity of
graded right atrial pacing in the diagnosis of
significant CAD, thallium 201 was used in con-
junction with right atrial pacing. Weiss et al’!
reported an overall sensitivity of 100%. Heller
and associates!® also used atrial pacing with
thallium testing.

Atrial pacing stress test with two-dimen-
sional echocardiography was then recom-
mended as an alternative to exercise echocar-
diography with less technical difficulties
because the echocardiogram can be monitored
throughout the study in the same view.

Atrial Pacing With Radionuclide
Ventriculography

Development of segmental wall abnormalities
with rapid atrial pacing also has been studied.
In conjunction with multigated radionuclide
angiography (MUGA) in patients with CAD,
graded atrial pacing resulted in new segmental
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wall abnormalities in 9/11 patients evaluated
with known CAD, as well as a decrease in
ejection fraction of an average of 319%.%' The
composite sensitivity of MUGA with atrial
pacing stress test was 81%.

Atrial Pacing With
Echocardiography

Stress echocardiography with transesophageal
atrial pacing recently has been reported by
Chapman et al'® and Iliceto et al?? as a tool to
evaluate ischemic wall motion abnormalities
using a bipolar tempraray silicone rubber en-
docardial pacing lead. The apical four-cham-
ber or two-chamber longitudinal view was
used. Overall sensitivity and specificity was
81% and 63%, respectively, in the study by
chambers of 16 patients. The subsequent
study of 81 patients had a specificity of 88%
and an overall sensitivity of 91% with sensitiv-
ities for single-, double-, and triple-vessel dis-
ease of 85%, 94%, and 95%, respectively.

Atrial Pacing and
Metabolic Studies

Right atrial pacing as a mode of stressing the
myocardium has the distinct advantage over
exercise stress tests in that it causes isolated
increased workload of the myocardium alone
with coronary vasodilation, and not of the
skeletal muscles. As lactate production in the
coronary sinus is a measure of anaerobic gly-
colysis and thus myocardial ischemia, a Grolin
catheter in this position has been used to mea-
sure lactate production during right atrial pac-
ing. Helfant and colleagues!® noted an in-
crease in production of lactate in anginal
patients above that of nonanginal patients.
This was at times also seen before any other
objective evidence of myocardial ischemia
with rapid dissolution after pacing ceased.
Abnormalities in fatty acid or C-palmitate
tissue clearance patterns with graded atrial
pacing in conjunction with positron emission
tomography also has been useful in detecting
regional alterations in patients with CAD.2
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Hemodynamics

Atrial pacing as a diagnostic tool was first de-
scribed by Sowton et al’ in 1967. Since that
time, its hemodynamic effects in normal pa-
tients, as well as those with CAD, have been
described (Table 9.1). The advantages of atrial
pacing over other types of stress testing are
that it increases myocardial oxygen consump-
tion secondary to an increase in heart rate and
contractility secondary to the ‘‘Treppe’’ ef-
fect. There is also an associated reflexive in-
crease in coronary blood flow. There is nor-
mally no significant change in cardiac output,
afterload, systemic vascular resistance, or cir-
culating catecholamines. This allows the
myocardial function to be stressed in a rela-
tively isolated manner. Exercise stress testing
differs in that in addition to the increase in
heart rate, one also has an increase in systolic
blood pressure, circulating catecholamines,
and various other factors come into play. Ar-
terial as well as myocardial lactate levels are
increased.

Therefore, hemodynamically, atrial pacing
provides a purer form of measurement of
myocardial hemodynamics.

Initially, Sowton measured diastolic heart
size radiographically during atrial pacing and
noted an increase in the cardiothoracic ratio.
Subsequent studies?®?®-!!-1¢ noted a significantly
smaller decrease in end-diastolic volume dur-
ing stress pacing in patients with CAD than in
normal subjects. McKay et al?! later examined
the relation between pacing-induced hemody-

TABLE 9.1. Hemodynamic changes with
rapid atrial pacing.

No CAD CAD
Cardiac output — — orslt |
Mean arterial BP - slt 1
SVR - slt 1
LVEDP - 11
PCW |- 1
Ejection fraction - —or |
AVo, difference — slt 1

CAD = coronary artery disease; BP = blood
pressure; SVR = systemic vascular resistance;
LVEDP = left ventricular end-diastolic pres-
sure; PCW = pulmonary capillary wedge pres-
sure; slt = slight; — no change; | decrease; 1
increase.
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namic changes and the extent of myocardial
ischemia as quantified by thallium-201 imag-
ing. The largest changes in left ventricular
end-diastolic pressure and pulmonary capil-
lary wedge pressure occurred in those patients
with the largest amount of myocardial tissue at
ischemic jeopardy. There was also a positive
correlation between the postpacing increase in
left ventricular end-diastolic pressures and
number of diseased vessels on angiogram.

Pressure—volume relationships in detail
were then studied during pacing-induced is-
chemia.?*?> Normally, there is both an in-
crease in contractility and a mild increase in
distensibility shifting the pressure—volume di-
agram leftward and downward. With pacing-
induced ischemia (which was demonstrated by
ECG changes +/— chest pain), the left ven-
tricular end-diastolic volume and end-systolic
volume initially increased, then subsequently
decreased during the period of ischemia with-
out change in cardiac output but with a de-
crease in ejection fraction. With the associ-
ated increase in end-diastolic pressure in these
patients, the pressure—volume loop shifted ini-
tially leftward, then upward in diastole.

Clinical Indications for Atrial
Pacing in Coronary Artery
Disease—Advantages and
Disadvantages

Stress atrial pacing use has not been wide-
spread, largely because of it being an invasive
tool and there is discomfort to the patient with
transesophageal pacing. However, advantages
include the relatively ‘‘pure’’ myocardial
stressing that it allows without the use of med-
ications and thus no side effects from med-
ications. It may be used in patients with mus-
culoskeletal disorders, peripheral vascular
disease, unstable angina, beta-blocker ther-
apy, or chronic obstructive pulmonary disease
with aminophylline therapy who cannot ade-
quately perform on an exercise treadmill test
or have contraindications to the use of dipyri-
damole. It also affords greater control over the
development of ischemia because the ische-
mic episode is more controlled and more read-
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ily reversible. As a research tool, atrial pacing
continues to be invaluable, more recently in
hemodynamic evaluation of myocardial ische-
mia. It is also being used as an objective mea-
sure of anginal threshold in antianginal medi-
cations, such as Diltiazem.?’

Ergonovine Stimulation for
Coronary Artery Spasm

Coronary angiography is the best technique
for definitive diagnosis of coronary artery
spasm when a patient with variant angina has
an anginal attack and cineangiography is per-
formed during the attack. This, however, is an
uncommon occurrence. The second approach
is to document electrocardiographic ST seg-
ment shifts during episodes of chest pain in a
patient who presents with rest angina, if it oc-
curs at night or in the early morning hours. A
susceptible group of patients are middle-aged
women with a history of smoking, emotional
stress, and migraine headaches, or Reynaud’s
phenomenon. Such patients can be asked to
transmit their electrocardiogram by transte-
lephonic monitoring before using sublingual
nitroglycerin. This approach, according to
Ginsburg et al’?, was helpful in documented
ST segment shifts in 50% of patients. This,
however, will not rule out severe occlusive
coronary artery disease. Coronary artery
spasm can be induced in the catheterization
laboratory with provocation by ergonovine
maleate. The mechanism of focal spasm in-
duced by ergonovine is not completely under-
stood. It may produce vasoconstriction in a
susceptible arterial segment via alpha-recep-
tors in the smooth muscle or via stimulation of
serotonin membrane receptors.
Catheter-induced spasm is produced by me-
chanical irritations of the coronary intima.

Ergonovine Provocation Test

In a patient suspected of having Prinzmetal’s
angina or in a patient with normal thallium or
exercise electrocardiographic stress test, this
provocative test may be indicated for defini-
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tive documentation. In such patients, coro-
nary angiography should be performed with-
out the use of coronary vasodilators or
atropine, and the patient should not have
taken any nitrates and calcium-channel block-
ers 24 hours before the procedure.

The test is performed as detailed in the pro-
tocol (Table 9.2). A positive test is comprised
of chest pain with ECG changes of ischemia
and focal coronary artery spasm as demon-
strated by angiography with greater than 50%
lumen reduction.?? Patients also can have ma-
lignant arrhythmias and complete heart block.

Adverse side effects to ergonovine maleate
include nausea, hypertension, vomiting, and
severe headache. There have been reports of
acute myocardial infarction and death induced
by ergonovine stimulation.?* In this study,
larger doses of ergonovine were given, and in-
tracoronary nitroglycerin was not available.
With graduated doses and availability of intra-
coronary nitroglycerin or intravenous nitro-

TABLE 9.2. Protocol for ergonovine testing.

1. Hold all coronary vasodilators for 24 hrs

2. Atropine and nitrates should not be prophylactically
used

3. 12-lead electrocardiogram should be monitored by
applying radiolucent electrodes

4. Perform and review right and left coronary angio-
grams; coronary artery occlusion greater than 50%
should be excluded

5. Arterial and venous sheaths may be used for rapid
exchange of catheters and for a right ventricular
pacer if necessary

6. Administer ergonovine 0.05 mg IV; at the end of 3
min, 12-lead ECG is done and the coronary artery
suspected of having focal coronary artery spasm is
injected; if there is no change from the baseline, the
next dose of 0.1 mg ergonovine is administered
intravenously; positive responses are usually elicited
with cumulative doses of 0.3 mg, and 0.4 mg may be
administered in the absence of adverse effects

7. If a positive response is elicited, visualize both
coronary arteries within 3 to 5 min of ergonovine
injection

8. If coronary artery spasm is documented, reversal by
intracoronary nitroglycerin 200 ug is carried out; if
nitroglycerin does not reverse the spasm, 10 mg
sublingual nifedipine is given

9. Document the reversal of the spasms by repeat
coronary angiography

10. At the end of the procedure, it is advisable to give a

bolus of 200 mg nitroglycerin to reverse any diffuse
vasoconstriction induced by ergonovine
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prusside, the complications of acute myocar-
dial infarction and cardiac arrest are rare.

Chest pain can be induced with ergonovine
stimulation in the absence of focal coronary
artery spasm. This is usually due to esopha-
geal motility disorder and responds to nitro-
glycerin.

Ergonovine provocation testing can be per-
formed in the coronary care setting in properly
selected patients who do not have obstructive
coronary artery disease.?® Ergonovine is in-
jected in graduated doses with constant ECG
broad pressure and clinical monitoring. A pos-
itive response can be documented by thallium
scintigraphy and electrocardiographic isch-
emia.

Coronary artery spasm frequently involves
the right coronary artery and left anterior de-
scending artery, and less frequently, the cir-
cumflex and rarely the left main artery. In pa-
tients with variant angina, a positive test is
seen in 85% to 90%:; in patients with coronary
disease and rest angina, in 40%.%¢

Assessment of Myocardial
Viability

Clinical observations over many years have
led to the conclusions that myocardial func-
tion does not always correlate with the clinical
diagnosis of infarction. Transient or prolonged
ischemic periods have resulted in persistent
functional impairment without evidence of in-
farction,’” and transient ischemic episodes
have led to very prolonged impaired function
without infarction (‘‘stunned myocardium’’).38
In addition, resting ventricular dysfunction
has been shown to be improved after revascu-
larization surgery.’*#! These observations
suggest that methods are necessary to evalu-
ate myocardial viability.

Limitations of Traditional
Methods

Traditional methods for assessing myocardial
viability all have drawbacks and lack sensitiv-
ity and specificity (Table 9.3). The ECG has
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TABLE 9.3. Methods for assessing myocardial via-
bility.
Interventions
Exercise
ECG
Thallium
Echocardiography
Radionuclide ventriculography
Nitrates
Radionuclinde ventriculography
Contrast ventriculography
Postextrasystolic potentiation
Radionuclide ventriculography
Contrast ventriculography
Dipyridamole
Thallium
Echocardiography

long been known to be a poor predictor of
viability. The presence of a Q-wave infarction
does not imply ‘‘transmural’’ nor does it nec-
essarily imply irreversible injury (i.e., necro-
sis). Likewise, interventions used in conjunc-
tion with other studies lack sensitivity and
specificity for cell death. Typically, this has
involved interventions to predict improve-
ment in left ventricular function after revascu-
larization surgery. Clues as to the reversibility
of abnormal wall motion have depended on
using exercise,*? nitroglycerin administra-
tion,*> or postextrasystolic potentiation* in
conjunction with contrast or radionuclide ven-
triculography. Reversible flow abnormalities
on thallium-201 studies comparing postexer-
cise and delayed scintigraphy also have been
used to predict improvement after surgery.
Each of these methods depends on the estima-
tion of blood flow or myocardial contractility,
both of which can be abnormal without the
presence of irreversible injury to the myocar-
dium. Other methods that assess the myocar-
dium on a more cellular basis are necessary.

Review of Cardiac Metabolism
in Ischemia

Normal myocardium is characterized by aero-
bic metabolism; however, during ischemia,
there is a shift to anerobic metabolism and
away from oxidation of glucose, fatty acids,
and lactate, resulting in increased lactate pro-
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duction in the myocardium. When lactate lev-
els rise sufficiently, glycolysis is inhibited, as
is high energy phosphate production.® Tt
would seem logical to expect that the duration
and extent of the ischemia would help define
the reversibility or irreversibility or the result-
ing damage to the cells. It would also seem
logical that if the flow changes and the changes
in the metabolism could be evaluated noninva-
sively, one could not only evaluate the extent
of the damage but also evaluate the viability of
that myocardium.

Experimental Studies

Positron emission tomography (PET) has been
used to evaluate these parameters of myocar-
dial metabolism. The physical aspects and
instrumentation of PET have been well-
described elsewhere.**’ These physical prop-
erties of PET allow for increased resolu-
tion and decreased interference from scatter,
problems with traditional scintigraphy includ-
ing single proton emission computed tomo-
graphy (SPECT). With proper imaging agents,
each of these parameters (flow, glucose me-
tabolism, and fatty acid metabolism) can be
studied by PET.

For evaluation of myocardial blood flow, an
agent with very high first pass extraction and
slow washout by the myocardium is needed.
N-13 ammonia has these characteristics, as
well as being well dissolved in blood (as am-
monium ion) after intravenous injection.*0:47
Clinical and animal studies*®-3° have shown it
to be a reliable agent for evaluation of perfu-
sion and in predicting coronary obstructive
disease.®

Palmitate would seem to be the logical
choice for evaluating fatty acid metabolism in
the heart. It accounts for a majority of the
fatty acid metabolism, which in turn is the pre-
ferred metabolic substrate of the heart.434¢
Initial studies showed an increase in the con-
centration of C-11 palmitate in ischemic
myocardium; when this was further studied, it
became clear that the uptake of palmitate was
reduced, but the clearance, in addition, was
markedly reduced.’’* As the production of
C-11 carbon dioxide was reduced as well, this
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points to an impairment of regional fatty acid
metabolism.

In addition to C-11 palmitate, F-I8 deoxy-
glucose (FDG) has been used to study the me-
tabolism of glucose in the myocardium. In the
normal myocardium, imaging FDG assesses
exogenous use of glucose, as well as mem-
brane transport function and phosphorylation.
Uptake will therefore reflect the blood flow to
the region and the high energy demand of the
region.’>** In infarcted myocardium, since
both flow and metabolism are decreased, one
would find decreased uptake of FDG.53% In
ischemic myocardium, because of an in-
creased glucose use, there is an increased up-
take of FDG.*3%

Clinical Studies

Normal Perfusion and Metabolism

In the normal state, one would find a concor-
dant study with evidence of normal blood flow
(N-13 ammonia), normal fatty acid metabo-
lism (C-11 palmitate uptake and clearance),
and normal glucose metabolism (FDG up-
take). This would also characterize the scinti-
graphic findings in patients with nonischemic
cardiomyopathy, as flow by definition is nor-
mal and studies of fatty acid metabolism are
normal as well, thus allowing the differ-
entiation of ischemic from nonischemic my-
opathy .

Decreased Perfusion and
Impaired Metabolism

In chronic infarction there is a concordant de-
crease in blood flow and metabolism. Patients
with a distant Q-wave infarction were found to
have decreased perfusion, as well as de-
creased or absent evidence of metabolism ei-
ther by C-11 palmitate or FDG."’

In acute infarction, the findings are some-
what different. Within 72 hours of acute in-
farction, there is evidence of decreased perfu-
sion, decreased uptake, and slow washout of
palmitate. As would be expected, however,
the FDG uptake would be discordant in this
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situation because in the acute phase, glucose
use would be increased.>8

Decreased Perfusion and
Preserved Metabolism

It has been suggested that many of the compli-
cations following myocardial infarction result
from residual ischemia in the infarct region.
Marshall et al*® studied patients with a recent,
clinically completed myocardial infarction
with PET. As expected, in a majority of pa-
tients there were concordant scintigraphic
findings with decreased blood flow and FDG
uptake. However, in a number of infarct areas
there were discordant findings with evidence
of increased FDG uptake. This pattern of is-
chemia in the presence of infarction correlated
well with the clinical findings of postinfarction
angina, ECG changes with angina, and wall
motion abnormalities. This would suggest that
PET is a useful tool for characterizing patients
who fall into a high-risk group after myocar-
dial infarction, the ongoing metabolic abnor-
malities suggesting compromised but viable
tissue.

Tillisch et al’”-% took this one step further,
determining whether or not these areas of dis-
cordance predicted reversibility after revascu-
larization. They predicted that concordant ar-
eas implied necrosis and would not be
expected to improve regional function after
surgery; in fact, concordant patterns predicted
functionally unchanged areas; 24 of 28 PET
defined necrotic areas. On the other hand, in
discordant areas, or areas PET would define
as viable, he predicted improvement in re-
gional function and observed it in 36 of 41 such
regions. These studies suggest that PET might
represent a sensitive method for evaluating
patients with left ventricular dysfunction pre-
operatively to assess the likelihood of im-
proved function in this high-risk surgical
group.

Clinical situations then that might benefit
from PET would be the risk stratification of
patients after myocardial infarction and the
preoperative evaluation of patients with left
ventricular dysfunction to help predict im-
provement (Table 9.4).
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TABLE 9.4. Scintigraphic findings with positron
emission tomography.

Condition MBF FA FDG
Normal N N N
Necrosis D D D
Acute MI D D I
Viable but compromised D D I

MFB = myocardial blood flow; FA = fatty acid me-
tabolism; FDG = F-18 deoxyglucose uptake; MI =
myocardial infarction; N = normal; D = decreased;
I = increased.

Future in Metabolic Imaging

Current studies with PET have concentrated
on the evaluation of metabolism in ischemia
and infarction. Future directions that PET
could take include the use of 0-15 oxygen to
study myocardial oxygen consumption on a
cellular level and its relation to cell viability.
In addition, specific metabolites could be syn-
thesized to evaluate specific cell functions,
such as protein synthesis or transmembrane
activity. Coupling this with the use of anti-
myosin antibodies to evaluate the extent of
cell death could result in discovering the
pathophysiology of ischemia and how cells re-
cover from ischemia. These determinants of
cell viability could then be applied to the man-
agement of ischemic or infarcting patients.
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Introduction to Clinical

Electrophysiology

Donald G. Rubenstein and Carol Zaher

Historical Perspectives

Electrophysiology studies (EPS) began in the
late 1960s in the dog laboratory where record-
ing of the His bundle electrogram was accom-
plished.! The first recordings in the human
heart occurred in a patient with atrial septal
defect?; whereas in 1969, Scherlag et al® were
the first investigators to percutaneously, by
right heart cardiac catheterization, record a
His bundle in humans by safely placing an
electrode catheter across the tricuspid valve.

The early electrophysiologists concerned
themselves with patterns of AV conduction
and site of AV delay, as well as mechanisms of
arrhythmias and impulse formation. The addi-
tion of programmed stimulation in the early
1970s transformed electrophysiology studies
from an investigative technique into a dy-
namic study which could stress the conduc-
tion system, as well as allow induction and
termination of tachyarrhythmias.*?

Since those early years, electrophysiology
studies have greatly expanded our knowledge,
and now longitudinal studies can be performed
in a systematic, reproducible, and safe manner
to assist in clinical management of patients
with a variety of conduction abnormalities and
arrhythmias. Newer modalities of treatment
including an increasing number of antiarrhyth-
mic drugs, the use of the automatic implant-
able cardioverter defibrillator device (AICD),
antitachycardia pacemakers, catheter abla-
tion, and ablative surgery make programmed
electrical stimulation an important technique

in managing an ever increasing number of
survivors of lethal arrhythmias.

Indications for Programmed
Electrical Stimulation

Clinical indications for EPS are still in evolu-
tion.® In 1984, the Health and Public Policy
Committee of the American College of Physi-
cians developed a set of acceptable indications
for EPS.” Table 10.1 lists some common indi-
cations for EPS.

Generally Accepted Indications
Sustained Ventricular Tachycardia

Of patients with clinical sustained ventricular
tachycardia 75% to 95% can have their ar-
rhythmia reproduced by EPS.® For those pa-
tients with inducible sustained ventricular
tachycardia, interventions that prevent induc-
tion in the laboratory are also likely to pre-
vent clinical recurrence.? Interventions unsuc-
cessful during EPS are likely to fail to control
clinical ventricular tachycardia (VT) recur-
rence.> 3 Efficacy of drugs, suitability for anti-
tachycardia pacemaker therapy, preoperative
and intraoperative mapping for surgical endo-
cardial resection of arrhythmic focus, and
consideration for AICD implantation all re-
quire preliminary EPS evaluation.
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TaBLE 10.1. Common indications for electrophysi-
ology studies.

Generally accepted indications
Sustained ventricular tachycardia
Out-of-hospital cardiac arrest (sudden death aborted)
Wolff—Parkinson—White syndrome with atrial fibrilla-
tion/flutter and rapid conduction
Wide QRS tachycardia of unknown etiology
Supraventricular tachycardia refractory to conven-
tional treatment or hemodynamically unstable
Unexplained recurrent syncope
Possible indications
Sinus node disorder
Bundle branch block and transient symptoms
AV block

Survivors of Cardiac Arrest

Patients who survive cardiac arrest not in the
setting of an acute myocardial infarction have
a high risk of subsequent sudden death, up to
30% to 40% within the first year.'*!> Electro-
physiology studies have shown that ventricu-
lar tachycardia or fibrillation can be induced in
70% to 80%.!62! Successful drug or surgical
therapy based on results of EPS in inducible
patients may be effective in preventing a re-
currence of sudden death, reducing recur-
rence rate to 6%.2! In patients who are candi-
dates for the AICD, subsequent sudden
cardiac death is reduced to 2% for the first
year.? Lack of inducibility may identify a sub-
group of patients not requiring antiarrhythmic
drug treatment with treatment directed pri-
marily at underlying heart disease.?*>?* Pa-
tients surviving out-of-hospital cardiac arrest
who are noninducible at EPS have an inci-
dence of recurrent cardiac arrest of 3% to
32% 18,20,22-24

Wolff—Parkinson—White Syndrome

Electrophysiology studies can be used to de-
termine the properties and location of the ac-
cessory pathways® and to induce arrhythmias
with subsequent serial drug testing. It helps to
evaluate which patients will have high risk for
rapid ventricular response rate during atrial fi-
brillation and possible sudden death.?6-3° Addi-
tionally, EPS can help assess which patients
may be candidates for surgical ablation, cathe-
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ter ablation, or antitachycardia pacemaker
treatment of their arrhythmias.’6-8!

Supraventricular Tachycardias

In patients with medically refractory or symp-
tomatically incapacitating supraventricular
tachycardias, EPS can be used to determine
the mechanism of supraventricular tachycar-
dia and to perform serial drug testing.’!:?
Those drugs that prevent induction in the lab-
oratory are likely to prevent spontaneous epi-
sodes of supraventricular tachycardia.

Wide Complex Tachycardia

At times, the surface electrocardiogram
(ECG) is not helpful in distinguishing supra-
ventricular tachycardias with aberrancy from
those of ventricular origin.**-37 Electrophysiol-
ogy studies help to localize the site of origin,
which is of both prognostic and therapeutic
importance.

Syncope

Electrophysiology studies should be consid-
ered in evaluation of recurrent syncope only
after a thorough history, physical examina-
tion, ECG, neurologic evaluation, and pro-
longed ECG monitoring have failed to reveal a
cause.’®3® Study abnormalities, thought to be
the basis for syncope, depend on the type of
patient population studied, with the highest
yield in male patients with abnormal ECG’s
and/or evidence of organic heart disease.'*
Electrophysiology studies in patients with
normal hearts is generally not indicated be-
cause of the low yield. Electrophysiologic
studies in patients with syncope and electro-
cardiographic evidence of bifasicular block or
with abnormalities on ambulatory monitoring
may have a higher yield of positive results.*-52

Possible Indications
Sinus Node Disorders

Patients with mild or questionable evidence of
sinus node disease who, in addition, have
transient neurologic symptoms and multiple
negative Holters should be considered for
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EPS. Generally, in patients with sick sinus
syndrome, an EPS evaluation of sinus node
function is not indicated. The decision to place
a permanent pacemaker should be based on
ambulatory electrocardiographic recordings in
which the patient has symptoms that correlate
with a bradyarrhythmia. However, in patients
with symptoms of hypoperfusion to the brain
but not documented bradyarrhythmias, EPS
could be valuable 2%

Potential Atrioventricular Block With
Underlying Bundle Branch Block

Electrophysiology studies can be helpful in lo-
cating the precise site of AV block, which can
be valuable in determining if a permanent
pacemaker is indicated. Studies may be indi-
cated if the site of block is uncertain on the
basis of the ECG or in patients with bundle
branch block and transient neurologic symp-
toms.84-88

Controversial Areas
Postmyocardial Infarction

Electrophysiology studies may be useful in
evaluation of the risk of future tachyarrhyth-
mias after an acute myocardial infarction.53-5
Previous investigators have arrived at conflict-
ing conclusions in this patient subset. How-
ever, the data is clouded by differing stimula-
tion protocols. Whether EPS will prove to be
useful in identifying high-risk postmyocardial
infarction patients has yet to be determined.

Nonsustained Ventricular Tachycardia

This has been found to be associated with an
increased risk for sudden death in certain con-
ditions. Electrophysiology studies have been
suggested as a method for risk stratification in
patients with nonsustained ventricular tachy-
cardia.”

Risks and Complications

Electrophysiology studies are relatively safe
and well-tolerated procedures associated with
a negligible morbidity and rare mortality. Po-
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TaBLE 10.2. Incidence of major complications dur-
ing EPS.

Complications

% of patients

Arterial injury 0.2-0.4
Thrombophlebitis, pulmonary embolus 0.3-0.6
Hemorrhage 0.1
Cardiac perforation 0.2-0.5
Death 0.12

Adapted from references 61 and 62.

tential risks and complications (Table 10.2) are
generally related to mechanical aspects of the
procedure, rather than the stimulation proto-
cols, and include: 1) bleeding, hematoma, or
arterial injury; 2) thrombophlebitis; 3) pulmo-
nary or systemic emboli; 4) cardiac perfora-
tion; 5) pneumothorax; 6) defibrillator burn;
7) adverse drug reactions; 8) refractory ven-
tricular tachyarrhythmias; 9) infection; and
10) death.

Equipment and Staffing

Equipment

Studies should be performed in a properly
equipped laboratory and are generally done in
a cardiac catheterization laboratory. In 1987,
the American Heart Association Council on
Clinical Cardiology presented guidelines for
personnel and equipment required for electro-
physiology testing.®* Basic equipment in-
cludes®: multipolar electrode catheters (size 5
to 7 Fr) which are either bipolar, quadripolar,
or hexipolar and are used for recording and
stimulation; 2) an oscilloscopic screen for re-
cording of at least three simultaneous surface
ECG leads, as well as several intracardiac re-
cordings; 3) a programmable stimulator for
pacing, as well as for introduction of properly
timed extrastimuli (Bloom Associates or Med-
tronics); 4) a multichannel physiologic re-
corder to transcribe the tracings onto paper
for analysis; 5) fluoroscopy equipment; and
6) an external direct current defibrillator that
is checked before the study, with a backup
unit available at all times.
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Staffing

Because programmed electrical stimulation
has the potential for inducing life-threatening
arrhythmias, it is very important that staffing
is adequate and that all participants are com-
fortable working together as a team, with each
assuming a specific role. If possible, staffing
should include: 1) a trained electrophysiolo-
gist to place and manipulate the catheters dur-
ing the study, to operate the stimulator, and to
direct the study; 2) an advanced cardiac life
support (ACLS)-trained nurse whose duties
are to monitor vital signs, give medications
during the study, and if necessary cardiovert
the patient during an induced arrhythmia; 3) a
catheterization technician; 4) an x-ray techni-
cian to provide assistance during fluoroscopy;
5) availability of a biomedical engineer; and
6) availability of an anesthesiologist.

Technique

The patient is admitted to a monitored bed in
the hospital with all antiarrhythmic medica-
tions discontinued for at least five half-lives.
Baseline coagulation studies, electrolytes,
chest x-ray, and ECG are obtained, and pa-
tient venous access is maintained. The patient
is studied in the postabsorptive state and se-
dated with intravenous Valium if necessary.

In the majority of cases, a transvenous
route using the Seldinger technique is per-
formed with placement of multiple pacing
catheters into one or both femoral veins. In
general, two #7 FR femoral sheaths are ad-
vanced over guidewires using only one femo-
ral vein. If stimulation of the left ventricle is
required, a #7 FR femoral artery sheath is ad-
vanced over a guidewire using the Seldinger
technique. In those cases requiring coronary
sinus pacing, the left antecubital vein, left sub-
clavian vein, or left internal jugular vein are
best suited for entrance, as well as stability, if
further studies are required.

The decision to administer heparin is based
on individual experience. In all patients re-
quiring left ventricular stimulation, heparin
must be given. In general, in anticipated pro-
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longed studies, heparin is probably indicated.
Heparin is probably not required in shorter
studies.

Arterial blood pressure is monitored by a
percutaneous femoral arterial catheter or by a
Dynamap continuous arterial blood pressure
cuff.

Once the study protocol is completed, the
catheters and sheaths are removed (unless a
coronary sinus catheter or right ventricular
catheter is needed for further studies), and
groin pressure is applied for 10 to 20 minutes.
If drugs were administered during the study,
blood levels should be drawn.

Intracardiac Recordings

Depending on the type of study, catheters can
be advanced to the high right atrium, mid-right
atrium, low right atrium, coronary sinus, His
bundle, right ventricular apex, right ventricu-
lar outflow tract, pulmonary artery, or in the
left ventricle (Fig 10.1).

High Right Atrium (HRA)

This is the most common site for atrial stimu-
lation with the catheter placed as close to the
sinus node as possible at the junction of the
posterior atrial wall with the superior vena
cava. A quadripolar catheter allows for pacing
and recording. An additional catheter can be
moved to various locations in the right atrium
to perform mapping studies during tachy-
cardias.

His Bundle Electrogram (HBE)

The catheter should be advanced into the right
ventricle and pulled back with clockwise
torque to the area of the septal leaflet of the
tricuspid valve at the left border of the spinal
cord on x-ray in order to obtain the most prox-
imal His potential. It is important to make sure
the His spike represents activation of the most
proximal His bundle. The His spike is a sharp
biphasic or triphasic deflection 15 to 25 msec
in duration located between the atrial and ven-
tricular spikes. Validation of the His potential
may be obtained by several methods: 1) pacing
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FicuUREe 10.1. Fluoroscopic position of intracardiac
catheters (HRA = high right atrium, HBE = His

the His with the interval between the pacing
artifact and onset of the QRS on the surface
ECG being the same as the onset of the His
potential to QRS before pacing; 2) an identical
QRS configuration should be noted during
pacing and sinus rhythm; 3) the HV interval
should not be less than 35 msec in the ab-
sence of pre-excitation; and 4) the atrial spike
should be at least as large as the ventricular
spike.

Coronary Sinus (CS)

Unless the patient has a patent foramen ovale
or atrial septal defect, the left atrium can be
indirectly approached by the coronary sinus.
The left brachial, internal jugular, or subcla-
vian vein provides easiest access to the coro-
nary sinus with an anterosuperior approach.
Confirmation of position can be accomplished
by advancement toward the left shoulder on
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bundle, CS = coronary sinus, RVA = right ventric-
ular apex, and LRA = low right atrium).

fluoroscopy, recording of simultaneous atrial
and ventricular electrograms, aspiration of
very desaturated blood through a luminal
catheter, or injection of radiopaque material.
A hexapolar coronary sinus (CS) catheter al-
lows for simultaneous recording of proximal,
mid, and distal CS electrograms. Occasion-
ally, when the coronary sinus cannot be ap-
proached for technical reasons, potentials
from the anterior left atrium can be recorded
from a catheter in the main pulmonary artery
in certain patients.

Right Ventricular Apex and Outflow
Tract (RVA and RVOT)

A bipolar or quadripolar catheter can be posi-
tioned at the apex and outflow tract area for
right ventricular pacing and recording if neces-
sary.
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Left Ventricle (LV)

A bipolar catheter is placed at one or multiple
sites of the left ventricle via femoral artery
insertion, which allows pacing and/or map-
ping of the left ventricle.

Basic Electrophysiologic Study

Once the catheters are in place, baseline mea-
surements in sinus rhythm should be obtained
and include: sinus cycle length (SCL) and PR,
PA, AH, HV, QRS, and QT intervals (Table
10.3). These measurements can be made from
the surface ECG leads and from the intracar-
diac recordings simultaneously at a paper
speed of 100 mm per second. The AH interval
is measured from the earliest reproducible
rapid deflection of the A spike to the first de-
flection of the His potential in the His bundle
electrogram tracing and approximates primar-
ily AV nodal conduction time. The HV inter-
val is measured from the His spike to the earli-
est ventricular potential on the surface or
intracardiac recordings (Fig 10.2). Normal val-
ues for AH are 60 to 125 msec®% and for HV
are 35 to 55 msec.®

Once the baseline measurements have been
obtained, programmed electrical stimulation is
performed with atrial, ventricular, and occa-
sionally coronary sinus pacing (Table 10.4).
Both atrial and ventricular pacing should be
performed at 2 to 3 times diastolic thresholds
and 1 to 2 msec pulse width. In general, dias-
tolic thresholds for the atrium should be less
than 1.5 mA and diastolic thresholds for the
ventricle, less than 1.0 mA. The pacing tech-
niques include both incremental pacing from
different sites, as well as introduction of ex-
trastimuli during spontaneous or paced
rhythms. A basic electrophysiologic study
(EPS) includes the following evaluations with
variations and special studies noted under spe-
cific topics.

Sinus Node Function

Sinus node function can be assessed using
EPS with: 1) sinus node recovery time
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TABLE 10.3. Guide to EPS abbreviations.

SCL Sinus cycle length

PA Interval from the onset of the “‘P’’ wave on
the surface ECG to the onset of low atrial
activity in the His bundle recording.

AH Interval from the onset of low atrial activity
in the His bundle recording to the onset
of the His spike.

HV Interval from the onset of the His deflection
to the earliest onset of ventricular activa-
tion in any lead.

HBE His bundle electrogram

SNRT Sinus node recovery time

CSNRT Corrected sinus node recovery time

SACT Sinoatrial conduction time

S:S, Stimulus to stimulus interval during continu-
ous pacing

S:S, Stimulus coupling interval between last
continuous paced beat and the first pre-
mature stimulus.

S,S; Stimulus coupling interval between the first
and second premature stimuli.

SsS, Stimulus coupling interval between the
second and third premature stimuli.

AA, Preceding sinus cycle length.

AA; Interval from last sinus or paced atrial
complex in the atrial electrogram to the
premature atrial complex.

A A, Interval from premature atrial complex to
the next sinus atrial complex.

AzA, Next sinus cycle length after the premature
atrial depolarization.

HH, Interval between the His deflection of the
last paced or sinus beat to the His deflec-
tion of the premature stimulus.

HRA High right atrial electrogram.

LRA Low right atrial electrogram.

RVA Right ventricular apical electrogram.

RVOT Right ventricular outflow tract electrogram.

LVA Left ventricular apical electrogram.

CS Coronary sinus electrogram.

CSM Carotid sinus massage.

SVT Supraventricular tachycardia.

VT Ventricular tachycardia.

(SNRT), 2) sinoatrial conduction time

(SACT), 3) carotid sinus massage; 4) atropine
administration, and 5) intrinsic heart rate
(IHR) determinations.

Sinus Node Recovery Time

Sinus node automaticity is evaluated by ob-
serving its response to atrial overdrive pacing.
This is a measurement of suppression of spon-
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FiGURE 10.2. Measurement of normal AH and HV
intervals during intracardiac recordings (BCL =
basic cycle length during sinus rhythm, HRA =

TaBLE 10.4. Conver-
sion of heart rate to mil-
liseconds.
Heart rate  Cycle length
(bpm) (msec)
30 2000
40 1500
50 1200
60 1000
65 923
70 857
80 750
90 667
95 632
100 600
110 546
120 500
130 462
140 429
150 400
160 375
170 353
180 333
190 316
200 300
250 240
300 200
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high right atrium, HBE = His bundle electrogram,
RVA = right ventricular apex, LRA = low right
atrium, and CSM = coronary sinus mid-position).

taneous impulse formation immediately upon
cessation of a superimposed pacing. Nor-
mally, there will be a stepwise increase in the
maximum pause as the pacing rate is increased
to a heart rate of 130, where, thereafter, there
is a sharp cutoff in the maximum pause. Pa-
tients with poor sinus node function will dem-
onstrate profound depression of sinoatrial
nodal function after cessation of an episode of
tachycardia.%6-67

A multipolar electrode catheter is intro-
duced and positioned at the junction between
the superior vena cava and the right atrium.
One electrode pair is used for atrial stimula-
tion while another is used for recording the
high right atrial electrogram. Recordings
should be made at a paper speed of 100 to 200
mm per second. Incremental atrial pacing
from the high right atrium is begun at a cycle
length just below the sinus cycle length with
progressive shortening of the pacing cycle
length in 50- to 100-msec decrements to a min-
imum cycle length of 300 msec or until atrio-
ventricular nodal Wenckebach occurs. Pacing
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is maintained at each cycle length for 30 to 60
seconds. There are 45- to 60-second rest inter-
vals between pacing runs.

Sinus node recovery time is measured as the
time to recovery of the sinus node function
after termination of overdrive suppression
during atrial pacing (Fig 10.3A,B). It is the
interval in milliseconds from the last paced
high right atrium (HRA) complex to the onset
of the first spontaneous HRA complex. This
measurement is the total SNRT. In addition
to recording the first postpacing cycle, one
should also measure additional postpacing cy-
cle lengths, as these cycles may be abnormal

FIGURE 10.3. A) Normal total sinus node recovery
time (TSNRT) after termination of atrial pacing
(S;S)). B) Markedly abnormal sinus node recovery
time (SNRT) of 2800 msec after termination of
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(secondary pauses). Sinus node recovery time
must be interpreted in relation to SCL, be-
cause SNRT will, for example, normally be
longer with slower heart rates. Therefore, cor-
rected sinus node recovery time (CSNRT) is
often used and can be calculated by subtract-
ing the sinus cycle length from the longest si-
nus node recovery time. A value of more than
550 msec is considered abnormal.

Sinoatrial Conduction Time

This represents the time it takes the electrical
impulse leaving the sinus node to conduct

atrial pacing (S;S;) (HRA = high right atrium,
HBE = His bundle electrogram, CSD = coronary
sinus distal, and CSP = coronary sinus proximal).
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FIGURE 10.4. Theoretical basis for calculation of
sinoatrial conduction time.

SACT;, = SACT
AA; + SACT;, + SACT,y = AyA;3
A2A3 - SCL = 2 X SACT

through the perinodal tissue to excite the
atrium (Fig 10.4). There are two methods to
indirectly assess the timing of return re-
sponses after reset of the sinus node with
atrial extrastimuli. The degree to which the
return cycles exceed the spontaneous cycle si-
nus cycle reflects the conduction time of the
atrial impulses into and out of the sinus node.

According to the Strauss method, during
normal sinus rhythm, progressively premature
atrial stimuli are introduced by decrements of
approximately 20 msec down to the atrial ef-
fective refractory period. Preceding cycles
(A1A)), premature cycles (A;A,), and return
cycles (A;A3) are measured from the HRA
tracing. The normalized return cycles A;As/
A A, are plotted against normalized test cy-
cles AjA>/A A, . Atrial premature depolariza-
tions (APDs) elicited early in diastole result in
plateau responses that fall in the portion of
atrial diastole known as the ‘‘zone of reset,”
which is recognized from the graph by clusters
of plateau points that clearly deviate from the
line of identity. Sinoatrial conduction time is
calculated from those points that fall in the
first third of this zone (SACT = A,A3-A A,/
2).%8.% Normal values are in the range of 50 to
125 msec.”

According to the Narula method, short (8-
beat) trains of slow atrial pacing at rates just
above sinus rate are used. The interval from
the last paced atrial depolarization to the next
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(A>A;) — SCL
2

SAN = sinoatrial node, AT = atrium, SACT =
sinoatrial conduction time, A, = normal sinus beat,
A, = premature atrial impulse, A3 = sinus return
cycle, and A A, = sinus cycle length (SCL).

~SACT =

spontaneous sinus discharge represents the si-
nus cycle length, plus retrograde conduction
into the node and antegrade conduction into
the atrium. Five testing procedures are per-
formed at rates of approximately 10 beats per
minute faster than the sinus cycle length, and
SACT is calculated as an average of the five.”!

Carotid Sinus Massage

In patients with syncope, carotid hypersensi-
tivity may be the precipitating factor. This is
defined as a symptomatic sinus pause of 3 or
more seconds or a systolic blood pressure de-
cline of 50 mm Hg or more in the absence of
significant bradycardia.

The His bundle catheter should be left in
place while the HRA catheter is advanced to
the right ventricle apex in the event that signifi-
cant asystole occurs and requires ventricular
pacing. Carotid arteries should be auscultated
for bruits, and if none are present, carotid
massage should be applied for 5 seconds while
recording at paper speeds of 50 to 100 msec
per minute. Pauses should be noted and the
test repeated one time on both the right and
left sides.

Pharmacologic Interventions

This is performed after all pacing protocols are
completed in those patients suspected of hav-
ing sinus node disease.
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In patients with suspected sinus node dis-
ease by EPS, response to intravenous atropine
can be measured. After .04 mg/kg of atropine
is given intravenously, the heart rate should
increase over control rate by at least 20%. An-
other expected change in normal sinoatrial
node function includes a decrease in the ‘‘cor-
rected sinus node recovery time’’ after atro-
pine administration. Atropine can also be used
to facilitate induction of supraventricular ar-
rhythmias.

The conduction system is modified greatly
by autonomic tone. In patients with abnormal
sinus node function in whom autonomic tone
is believed to play a role, the effects of the
autonomic nervous system can be removed.
The combination of atropine (.04 mg/kg) and
propranolol (.2 mg/kg) are administered intra-
venously. The resulting sinus rate is called the
intrinsic heart rate (IHR). Normal IHR is de-
fined as 117.1 — (.5 X age) for patients 15 to 70
years of age. An abnormal IHR will help to
identify those patients with intrinsic abnormal
sinus node function.”7

FIGURE 10.5. Demonstration of AV nodal Wencke-
bach threshold with atrial pacing (S;S;) at a pacing
cycle length (PCL) of 430 msec. Note gradual AH
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Atrioventricular Conduction

Atrioventricular (AV) conduction is assessed
in both sinus rhythm and during atrial pacing.
An accurate His bundle recording allows lo-
calization of the level of AV block into AV
nodal or infranodal. The AH interval (60 to
125 msec) represents primarily AV nodal con-
duction time and the HV interval (35 to 55
msec), infranodal conduction. The AH inter-
val in the baseline state can be quite variable
secondary to drugs or autonomic tone; how-
ever, the HV interval is generally fixed. The
normal response to incremental atrial pacing
is gradual AH prolongation with AV Wenck-
ebach occurring at paced cycle lengths less
than 430 msec (Fig 10.5). If no or minimal ab-
normalities are found in the baseline record-
ings, abnormal block occasionally can be pre-
cipitated by the stress of incremental atrial
burst pacing or atrial pacing for 8 beats at a
paced cycle length of 600 msec (S;S;) with in-
troduction of single premature atrial beats
(S:S,). Atrioventricular nodal, atrial, or occa-

prolongation with ultimate failure of ventricular
capture.
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TaBLE 10.5. Normal EPS values.

PA 10-60 msec
AH 60-125 msec
HV 35-55 msec
HIS 10-25 msec
Atrial ERP 170-300 msec
AV nodal ERP 230-425 msec

His—Purkinje ERP
Ventricular ERP
Corrected SNRT
SACT

330-450 msec
170-290 msec
<550 msec
50-125 msec

ERP = effective refractory period;
SNRT = sinus node recovery time;
SACT = sinoatrial conduction time.

sionally His—Purkinje refractory periods can
be measured as well (Table 10.5).%4

Ventricular Study

Pacing from the right ventricular apex (RVA)
provides information concerning: 1) retro-
grade ventriculoatrial (VA) conduction, 2) re-
fractory period of the ventricle, and 3) induci-
bility of arrhythmias. Pacing is generally
performed at twice diastolic threshold.

Retrograde Conduction

Pacing is instituted at a cycle length slightly
shorter than the sinus cycle length and carried
out with 3- to 5-second bursts (‘‘burst pac-
ing’’) at decremental cycle lengths of 50 to 100
msec to a maximum cycle length of 300 to 250
msec. Evidence of VA conduction or block is
sought.

Ventricular Refractory Period

Refractory periods of the ventricular muscle,
as well as possible retrograde refractory peri-
ods of the His—Purkinje and AV nodal system,
can be determined by fixed ventricular pacing
at a cycle length of 600 or 500 msec for 8 beats
followed by the introduction of gradually pre-
mature extrastimuli until ventricular refracto-
riness. The effective refractory period is the
longest S;S, interval that fails to result in ven-
tricular capture and is generally less than 300
msec.
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Arrhythmia Induction

Ventricular arrhythmias can be induced with
atrial pacing, coronary sinus pacing, ventricu-
lar burst pacing (as described), or with intro-
duction of extrastimuli (Fig 10.6). Single, dou-
ble, and triple extrastimuli are delivered after
a train of 6 to 8 paced ventricular beats at S;S;
intervals of 600, 500, and/or 400 msec. First, a
single ventricular extrastimulus scans diastole
until ventricular refractoriness is reached. The
S,S, interval is then set just above refractori-
ness, and an S,S; is introduced at an interval
slightly greater than the S;S; interval. S,;S; is
then shortened progressively until S; fails to
capture. At that point, S,S; is brought out until
S; captures again, and S;S; is introduced and
the same sequence repeated until Sy is refrac-
tory. If this process fails to initiate the sus-
pected ventricular arrhythmia, the same pro-
cess is repeated at one or two faster pacing
cycle lengths. If no ventricular tachycardia is
induced, the catheter is advanced to the out-
flow tract (RVOT) where the same stimulation
protocol is repeated. In patients with known
coronary artery disease and ischemic car-
diomyopathy, left ventricle stimulation should
be considered if the patient has a documented
clinical episode of sustained ventricular tachy-
cardia (VT) or ventricular fibrillation (VFib)
and is not inducible in the right ventricle. In
patients with clinically documented ventricu-
lar tachycardia or ventricular fibrillation, left
ventricle stimulation is required for induction
in 5% to 10% of patients.”

In patients whose clinical ventricular ar-
rhythmias correlate with episodes of increased
catecholamines or possible ischemia, isopro-
terenol infusion can be given to stimulate the
hypercatecholamine state and the stimulation
protocol repeated. Infusion is begun at 1 ug
per minute and increased until the desired
heart rate, generally 100 to 120 beats per min-
ute, is achieved, and the pacing protocol is
repeated.
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FIGURE 10.6. Induction of ventricular tachycardia
(VT). A) Introduction of two premature ventricular
complexes (S,S;) fails to initiate VT. B) Introduc-

Specific Electrophysiologic
Study Protocols

Syncope

In evaluating syncope, a complete EPS should
be performed, including assessment of sinus
node function, AV conduction, response to
programmed atrial and ventricular stimula-
tion, effects of drugs, and carotid sinus mas-
sage.

Sinus Node Function

Sinus node recovery time and SACT should
be performed. If these results are abnormal,
autonomic denervation with atropine plus pro-
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tion of three premature ventricular beats (S,S3Sy)
induces sustained VT of cycle length 250 msec.

pranolol should be performed to determine if
the abnormality is primary or secondary to the
influence of autonomic tone.

Atrioventricular Conduction

His bundle electrograms should be measured
both in sinus rhythm and with atrial stimula-
tion. Possible infranodal block can be evalu-
ated with atrial pacing.

Refractory Periods

Duration of the atrial, AV nodal, and ventricu-
lar refractory periods are measured but gener-
ally do not aid in determining an etiology for
syncope.
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Carotid Sinus Stimulation

Marked pauses of more than 3 seconds with
reproducible symptoms or significant drop
(more than 50 mm Hg) in blood pressure may
suggest carotid sinus sensitivity as an etiology
for syncope.

Programmed Electrical Stimulation

Both atrial and ventricular stimulation should
be performed in an attempt to induce supra-
ventricular or ventricular tachyarrhythmias
and to exclude the possibility of an accessory
pathway. Inducible sustained monomorphic
ventricular tachycardia (VT) represents a
probable diagnosis of the syncopal episode.
Induced polymorphic VT, nonsustained VT,
or ventricular fibrillation may be a nonspecific
response to aggressive ventricular stimulation
protocols. Generally, in these patients, greater
than two ventricular extrastimuli should be
discouraged to prevent a nonspecific re-
sponse.

Drug Testing

Occasionally, isoproterenol can be given, if
clinically indicated, with programmed atrial
and ventricular stimulation in an attempt to
induce VT. Other agents occasionally used on
an individual basis include edrophonium,
which depresses AV nodal conduction, as well
as atropine to decrease parasympathetic tone.

Serial Drug Testing

If tachyarrhythmias are induced, serial antiar-
rhythmic drug testing should be performed.

Wide QRS Tachycardias

In the majority of patients who have a sponta-
neous episode of VT or SVT, the tachycardia
can be reproduced in the EPS laboratory.
These can be distinguished by noting the rela-
tionship of the His bundle atrial electrogram to
the ventricular depolarization and by assess-
ing the response to atrial and ventricular pac-
ing during the tachycardia. Measuring a
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change in the HV interval during inducible
tachycardia also may be helpful in diagnosing
the etiology of a wide complex tachycardia. In
SVT not associated with accessory pathways,
the HV interval will remain normal or increase
slightly during the tachycardia associated with
an intraventricular conduction delay, whereas
ventricular tachycardia will show either no
His bundle activity or an HV interval signifi-
cantly shorter than normal.

In evaluating wide QRS tachycardias, EPS
should include measurements of baseline His
bundle electrogram, as well as attempted in-
duction of tachyarrhythmia with programmed
electrical stimulation.

Atrioventricular Conduction

His bundle electrogram should be measured
both in sinus rhythm and with induction of
tachyarrhythmia, during either atrial or ven-
tricular stimulation.

Programmed Electrical Stimulation

Both atrial and ventricular stimulation studies
should be performed to induce the wide com-
plex tachycardia. If an accessory pathway is
strongly suspected, a W-P-W study should be
performed.

Serial Drug Testing

If clinically relevant tachyarrhythmias are in-
duced, serial drug testing should be per-
formed.

Sustained Ventricular Tachycardia
Survivors of Cardiac Arrest

Ventricular arrhythmias can be induced in the
electrophysiology laboratory in the majority
of survivors of cardiac arrest unassociated
with an acute myocardial infarction. Electro-
physiologic study can be used for these pa-
tients to judge the efficacy of antiarrhythmic
therapy. Electrophysiologic study evaluation
should include the same protocol as used for
patients with wide QRS tachycardias (refer to
Chapter 11).
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Sinus Node Disorders

Sinus node recovery time and SACT are used
to assess sinus node function. A prolonged
SNRT of more than 2 seconds may identify a
group of patients requiring a pacemaker, espe-
cially if the symptoms are reproducible. Elec-
trophysiologic study may also be helpful in
patients who have asymptomatic sinus node
disease but will require drugs that further sup-
press SA nodal function. Therefore, if EPS is
indicated, the protocol should be the same as
for patients with syncope so that exclusion of
other causes of cerebral hypoperfusion can be
excluded.

Atrioventricular Block

Permanent pacemakers should be implanted in
patients with symptomatic bradyarrhythmias
secondary to high-degree AV block. Although
in many symptomatic patients the distinction
between AV nodal and infranodal block can be
made by the escape rhythm, carotid sinus
massage, and administration of atropine, there
is a group of patients in whom the level of
block may still be unclear. To prevent place-
ment of a needless permanent pacemaker, an
EPS can be performed to localize specifically
the site of block. In these patients, EPS should
include His bundle electrogram recording, as
well as response to atrial pacing, measurement
of SNRT, SACT and carotid sinus stimula-
tion.
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Drug Testing

Atropine should be given once baseline stud-
ies have been completed with repeat of sinus
node function, atrioventricular conduction,
carotid sinus stimulation, and carotid sinus
stimulation afterwards.

Bundle Branch Block

Patients with chronic bundle branch block are
known to be at an increased risk of developing
complete AV block, although the incidence is
low.? In patients with bundle branch block
and neurologic symptoms and who have no
documented bradyarrhythmias by noninva-
sive electrocardiographic monitoring, EPS
may be indicated. Although controversial, the
HYV interval is sometimes used to determine
the need for a permanent pacemaker in these
patients. In general, an HV interval of more
than 70 msec (Fig 10.7) is associated with a
small increased risk for complete AV block.
However, an HV of more than 100 msec has a
much higher risk of progression.?! Also, pa-
tients who develop abnormal infranodal AV
block (Fig 10.8) with atrial pacing are at a high
risk of progression to complete AV block.
Ventricular stimulation also should be per-
formed in these patients with symptoms of ce-
rebral hypoperfusion and who generally have
poor left ventricular function, to determine if
they have significant inducible ventricular ar-

FIGURE 10.7. Abnormally prolonged HV interval (120 msec) noted in the His bundle electrogram (HBE)

(HRA = high right atrium).
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FiGURE 10.8. Demonstration of infra-Hisian block with atrial pacing (A;A,) at a pacing cycle length (PCL)

of 600 msec.

rhythmias. Therefore, if EPS is indicated, the
protocol should be the same as for patients
with syncope.

See Chapter 12 for a discussion of supraven-
tricular tachycardias and accessory pathways.

Summary

Electrophysiology studies represent a sophis-
ticated and highly technical approach to a va-
riety of clinical conditions involving arrhyth-
mias and conduction disturbances. They have
helped make a significant impact on morbidity
and mortality of properly selected patients.
Clinical EPS continues to evolve, and with the
advent of newer treatment modalities, such as
surgery, ablation, and antitachycardia de-
vices, it promises to assume an ever increas-
ing role in the management of such patients.
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Invasive Electrophysiologic Studies in
the Evaluation and Treatment of
Patients with Ventricular Arrhythmias™

Nicholas J. Stamato and Mark E. Josephson

Introduction

Invasive electrophysiologic studies have been
used in the evaluation and treatment of pa-
tients with ventricular arrhythmias since Wel-
lens et al' reported their initial experience in
1972. The application of this procedure to the
investigation of the mechanism of sustained
ventricular tachycardia has led to major ad-
vances in our understanding of this arrhyth-
mia.>> A better understanding of the patho-
physiologic basis of sustained uniform
ventricular tachycardia has led to the develop-
ment of treatment strategies, which include
the use of programmed electrical stimulation
to select pharmacologic agents, surgical resec-
tion, and catheter ablative techniques to de-
stroy and/or isolate the substrate of the ar-
rhythmia.®?

Although much has been learned since 1972,
there remain many questions and controver-
sies regarding the use of programmed electri-
cal stimulation in the evaluation and treatment
of patients with ventricular arrhythmias. This
procedure is clinically applicable to patients
who present with recurrent sustained ventric-
ular tachycardia,? or with aborted sudden car-
diac death in the absence of a new myocardial
infarction!® or in patients with recurrent syn-
cope in whom a sustained ventricular tachy-

* Supported in part by grants HL00361 and
HL24278 from the National Heart, Lung, and
Blood Institute, Bethesda, MD, and grants from
The American Heart Association, Southeastern

Pennsylvania Chapter, Philadelphia, PA.

cardia is inducible.!! Whether programmed
electrical stimulation can play a role in the
evaluation and treatment of patients who are
recently postmyocardial infarction'? or in
those presenting with asymptomatic nonsus-
tained ventricular tachycardia!® remains to be
proven and at present is an area of active
investigation (Table 11.1).

This chapter reviews the technical and theo-
retical aspects of the performance of electro-
physiologic studies in patients with ventricular
arrhythmias (Table 11.2).

Technical Aspects

Personnel

As with any invasive medical procedure, the
most important factor in the safe and success-
ful performance of an electrophysiologic study
is the ability and training of the physician per-
forming and directing the study.!'* The electro-
physiologist performing clinical electrophysio-
logic studies should be well trained not only in
the performance of these studies but also in
the evaluation and treatment of patients with
all types of cardiac arrhythmias. The Ameri-
can Heart Association’ and the American
College of Cardiology'® have each issued re-
ports on the recommended training of those
cardiologists performing clinical cardiac elec-
trophysiologic studies. Both have suggested
that after the completion of 2 years of training
in clinical cardiology, including experience in
cardiac catheterization, a minimum of one and
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TABLE 11.1. Indications for electrophysiologic test-
ing in patients with ventricular arrhythmias.

Recurrent sustained ventricular tachycardia

Cardiac arrest

Recurrent syncope

Before arrhythmia surgery

Before catheter ablation

Before placement of antitachycardia pacemakers or the
implantable defibrillator

Nonsustained ventricular tachycardia in patients with
coronary artery disease (unclear)

Prognostication postmyocardial infarction (unclear—
unlikely to be of benefit)

preferably 2 years be spent training in-an ac-
tive electrophysiologic laboratory under the
supervision of a qualified clinical electrophysi-
ologist. It is our belief that physicians respon-
sible for electrophysiologic testing have the
performance of these studies as their main
responsibility.

The nursing and technical staff assisting at
all electrophysiologic studies should be well
versed in the performance and goals of each
study. They should possess a high level of un-
derstanding of the physiology and pathophysi-
ology of cardiac arrhythmias and the pharma-
cology of antiarrhythmic drugs. They should
be familiar with the equipment used in the lab-
oratory and especially well trained in the
performance of cardioversion and cardio-
pulmonary resuscitation.

Electrophysiologic studies should be per-
formed in hospitals having an anesthesiologist
and cardiothoracic surgeon available if needed
to help manage potential complications. Tech-
nical support should include those capable of
maintenance of the fluoroscopy unit (which is

TABLE 11.2. Goals of electrophysiologic testing in
patients with ventricular tachyarrhythmias.

Define the nature of the arrhythmia: sustained uniform
ventricular tachycardia; polymorphic ventricular
tachycardia; ventricular fibrillation

Define the substrate for the arrhythmia: normal, abnor-
mal, or fractionated endocardial electrograms

Test the response to pharmacologic and pacing therapy

Locate (map) the site of origin of a tachycardia before
surgical or catheter ablative therapy

Prognosticate

N.J. Stamato and M.E. Josephson

preferably a C-arm unit) and a biomedical en-
gineer capable of maintaining and checking
the safety of the stimulating and recording
equipment.

Equipment

The performance of clinical electrophysiologic
studies requires a fluoroscopy unit, preferably
a C-arm type, as well as a programmable stim-
ulator and a recording system. The stimulator
must be electrically isolated and be able to de-
liver precisely timed electrical impulses both
synchronously and asynchronously. Whereas
other adequate models are available, a custom
designed unit manufactured by Bloom Associ-
ates, Ltd (Reading, PA) meets all these re-
quirements.

The recording of the surface electrocardio-
gram along with intracardiac electrograms can
be performed by a variety of commercially
available systems. At least eight amplifiers al-
lowing variable filtering and amplification are
required. Electrograms are generally filtered
to remove frequencies below 30 to 50 Hz and
above 500 Hz. The recording system must
provide hardcopy with a frequency response
of greater than 500 Hz at a variable paper
speed up to 250 mm per second. A tape re-
corder using either magnetic tape or recently
available VHS tape is required to be able to
recall events occurring during the study that
were not recorded on hardcopy'4! (Fig 11.1).

A cardioverter-defibrillator capable of deliv-
ering at least 360 J must be present during all
electrophysiologic studies. We have found
that the use of anterioposterior pads (R-2 Cor-
poration, Morton Grove, IL) aid in the rapid
cardioversion of nontolerated arrhythmias and
make the defibrillation procedure less trau-
matic. Also present in the electrophysiology
laboratory should be equipment for full resus-
citation, including drugs and materials for
endotracheal intubation.

Catheters

A variety of electrode catheters exist that can
be used for stimulation and recording. The
woven Dacron catheter (USCI, Billerica, MA)
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FIGURE 11.1. General laboratory organization. (From Josephson and Siedes, with permission.)

has superior torque characteristics and softens
at body temperature, allowing them to be
shaped within the vascular tree. The most
commonly used catheter in our laboratory is a
6-Fr quadripolar catheter with 5S-mm interelec-
trode distance. This catheter can be used for
recording (proximal pair) and pacing (distal
pair, cathodal) both in the atrium and in the
ventricle. It also can be used to record a His
bundle potential, and is the catheter of choice
for left ventricular endocardial mapping.

Performance of the
Electrophysiologic Study

Preparation

At least 1 day before the electrophysiology
study, the electrophysiologist will review all
pertinent records, especially 12-lead electro-
cardiograms of ventricular tachycardia, and
interview and examine the patient. Once this
evaluation is complete, the procedure and its
potential benefits and risks are explained to
the patient by the electrophysiologist. A pre-
pared patient is usually much more coopera-
tive and comfortable than an uninformed
patient. Whereas the major potential com-

plications are reviewed, the efforts under-
taken to avoid them are stressed, as is the
overall outstanding safety record of the proce-
dure, when performed by experienced electro-
physiologists.!”

The ‘‘routine’’ pre-electrophysiology study
orders include: 1) nothing by mouth (NPO),
except medications, after midnight; 2) shave
and prepare both groins; and 3) have patient
void on call to laboratory. If the electrophysi-
ologic study is to be done in the ‘‘baseline’’
state, that is, a drug-free state, all antiarrhyth-
mic drugs are stopped five half-lives before the
study. All patients are monitored by ambula-
tory telemetry. We do not routinely premedi-
cate patients with sedatives; however, in
patients in whom this is necessary, diazepam
5 to 10 mg by mouth is satisfactory.

Upon arrival in the electrophysiology labo-
ratory, the patient is placed on the fluoroscopy
table, and leads for a 12-lead ECG and pads
for cardioversion are placed. A 12-lead ECG is
obtained and repeated with the induction of
sustained arrhythmias. Marcaine anesthesia is
used, and two introducer sheaths are placed in
each femoral vein. One side arm sheath is
placed in each femoral vein, allowing for the
administration of antiarrhythmic drugs and the
sampling of blood for drug levels. The side



122

arm sheath is placed first and a catheter placed
in it to ensure that the sheath is not punctured
during the placement of the second sheath. If
the left ventricle is to be mapped, a long side
arm introducer sheath is placed via the right
femoral artery using the Seldinger technique.
The side arm allows the monitoring of arterial
blood pressure.

The catheters are advanced to the heart un-
der fluoroscopic guidance and positioned at
the right ventricular apex, outflow tract,
across the tricuspid valve to record a His po-
tential, and in the high right atrium. The left
ventricular catheter is passed retrograde up
the aorta and across the aortic valve. Heparin
is given after placement of the sheaths,
5,000 U is given if the left heart is entered and
2,500 U if only the right heart is entered. A
continuous infusion of 1,000 U per hour is
then maintained. Electrograms are recorded
and pacing thresholds checked and should be
less than 1 mA at a pulse duration of 1 ms.

Stimulation Protocol

All studies performed for the evaluation of
ventricular arrhythmias require the use of at
least two right ventricular sites, usually the
right ventricular apex and ouflow tract.'® The
use of one catheter is not optimal for pacing
from two sites, for the protocol described be-
low allows for induction of ventricular tachy-
cardia using the least ‘‘vigorous’’ stimulation
protocol.

Stimulation is performed at twice the diasto-
lic threshold using a 1 ms pulse width. First at
the right ventricular apex single ventricular
extrastimuli are delivered after eight paced
beats at a paced cycle length of 600 msec. A
pause from 2 to 4 seconds is allowed between
pacing runs. The coupling interval of the ex-
trastimulus is placed in late diastole and de-
creased by 10 ms until either a sustained ar-
rhythmia is induced or the local effective
refractory period is reached (Fig 11.2). Single
extrastimuli are then delivered from the out-
flow tract at a pacing drive of 600 ms in a
similar manner. Next, single extrastimuli are
delivered at a pacing drive of 400 ms, first at
the apex and then at the outflow tract. If no
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sustained arrhythmias are induced using single
extrastimuli, double ventricular extrastimuli
are delivered, alternating from the apex to the
outflow tract, first at a pacing drive of 600 ms
and then at a drive of 400 ms. The delivery of
double extrastimuli is carried out with the ini-
tial coupling interval of the first extrastimulus
set at 50 ms above the local effective refrac-
tory period at that pacing drive cycle length.
The coupling interval between the first and
second extrastimulus is initially set equal to
that of the first. The coupling interval of the
second extrastimulus is decreased in 10-ms
steps until it is refractory, at which point the
coupling interval of the first extrastimulus is
decreased in 10-ms decrements until the sec-
ond extrastimulus again captures. The cou-
pling interval of the second extrastimulus is
then decreased by 10 ms until it again fails to
capture, at which point the coupling interval
of the first extrastimulus is again decreased by
10 ms. This process is repeated until the first
extrastimulus fails to capture. Triple ventricu-
lar extrastimuli are used if sustained arrhyth-
mias have not been induced by single or dou-
ble extrastimuli.!® Triple extrastimuli are
delivered in a manner similar to double extra-
stimuli, first at a pacing drive of 600 ms and
then at 400 ms, alternating from apex to out-
flow tract. If sustained ventricular tachycardia
or fibrillation has not been induced up to this
point, rapid ventricular pacing is performed
using synchronous bursts from 5 to 30 seconds
at cycle lengths from 350 to 250 ms or until
2:1 capture is seen. If no sustained ventricu-
lar arrhythmias are induced to this point, sin-
gle, double, and triple extrastimuli may be
tried from both right ventricular sites during
sinus rhythm. If the patient being studied has
presented with recurrent sustained ventricular
tachycardia, the above stimulation protocol
will induce ventricular tachycardia in about
95% of patients. However, if it does not, stim-
ulation from the left ventricular (Fig 11.3) or
the delivery of quadruple extrastimuli may be
required.

At the Hospital of the University of Penn-
sylvania, programmed stimulation has a sensi-
tivity of 95% for sustained ventricular tachy-
cardia using up to triple extrastimuli from two



FiGURE 11.2. Initiation of ventricular tachycardia
with programmed stimulation. Panels A through C
are arranged from top to bottom as follows: electro-
cardiographic leads II and VI; electrograms from
the coronary sinus (CS), His bundle recording site
(HBE), right ventricular apex (RVA), the border of
a left ventricular aneurysm (LV-An, border) and in
the aneurysm (LV-AN) and time lines (T) at 10
msec intervals. The left ventricular electrograms
were recorded from a quadripolar catheter with a
distal pair of electrodes in the left ventricular aneu-
rysm and the proximal pair at its border. The ven-

tricles and atria were paced at a basic cycle length
of 700 msec (SA,; and V,-V,), and after every
eighth paced complex progressively premature
ventricular stimuli were delivered from the right
ventricular apex (S and V,). In A and B ventricular
extrastimuli delivered at 310 and 300 msec, respec-
tively, produced fractionation of the electrogram in
the aneurysm (arrows). At a critical coupling inter-
val of 290 msec (C) fractionation of the electrogram
in the aneurysm spanned diastole, and ventricular
tachycardia ensued. (From Josephson et al, with
permission.)
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FiGure 11.3. Initiation of ventricular tachycardia
by right or left ventricular stimulation. Both panels
are organized from top to bottom: ECG leads 1,
aVf, V| and electrograms from the high right atrium
(HRA), His bundle (HBE), right ventricular apex
(RVA), left ventricular apex (LVA). In panel A,
two right ventricular premature stimuli (S,, S;) are
introduced after the eighth RV paced ventricular

right ventricular sites, the use of left ventricu-
lar stimulation may add another 2%.2° The
sensitivity of programmed stimulation in pa-
tients presenting with cardiac arrest is lower
than in patients with recurrent sustained ven-
tricular tachycardia. During the last 4 years,
using the above protocol, 83% of patients pre-
senting with cardiac arrest will have a ventric-
ular arrhythmia induced. !0

The endpoints of stimulation are the com-
pletion of the protocol or the induction of a
sustained ventricular arrhythmia, that is, one
lasting more than 30 seconds or requiring ter-
mination in less time because of hemodynamic
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paced complex (S;), resulting in ventricular tachy-
cardia. In panel B, two left ventricular stimuli (S,,
S;) are delivered after the eighth LV paced complex
(S)), resulting in ventricular tachycardia. Note that
the coupling intervals of the premature stimuli are
identical. Stimulus artifacts are indicated by small
arrows. (From Josephson et al, with permission.)

collapse. All tachycardias are induced at least
twice to ensure reproducibility. Studies of
atrial, sinus node, atrioventricular node, and
the His—Purkinje system can be carried out,
when clinically indicated, before ventricular
stimulation.!

Left Ventricular Endocardial
Activation Mapping

Whenever surgical therapy or catheter abla-
tion are considered for ventricular tachycardia
treatment, catheter activation mapping of the
left ventricular endocardium during ventricu-
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lar tachycardia should be performed if possi-
ble.?! Although both mapping of the left ventri-
cle during sinus rhythm?? or the performance
of ‘‘pace-mapping’’?® to help localize the site
of origin of a ventricular tachycardia have
been proposed, both are inferior to activation
mapping during ventricular tachycardia.?*
They are potentially useful when activation
mapping cannot be performed. However, it is
important to note that abnormal sinus rhythm
electrograms are more widespread than the
site of origin of a tachycardia and that the pace
map is current and contact related. Also, up to
10% of ventricular tachycardias may arise
from normal sites and that pacing from sites of
origin can yield a different QRS than the
tachycardia due to the current used or poor
contact with the endocardium. The purpose of
catheter mapping is to localize the site within
the left ventricle from which the earliest elec-
trical activity in the second half of diastole can
be recorded; this site is said to be the site of
origin of the ventricular tachycardia.?!.?26
Ventricular tachycardia, in the setting of prior
myocardial infarction, is thought to be due to
reentry and presystolic local electrical activity
is thought to represent recording of activity
within the reentrant circuit?’ (Fig 11.4).

As stated previously, catheter mapping is
now performed with a standard 6-Fr quadripo-
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FIGURE 11.4. Schema of catheter recording of local
reentrant activity during ventricular tachycardia
with two morphologies. A bipolar electrode cathe-
ter is schematically positioned over part of the re-
entrant circuit and records local fragmented (Reen-
trant) activity during different parts of the cardiac
cycle, depending on the relationship of the exiting
wavefront to the catheter recording site. If the ven-

tricles are depolarized by a wavefront of exits after
passing the electrode (tachycardia on the right)
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lar catheter having .5 cm interelectrode dis-
tance (Fig 11.5, middle). Recordings are made
over a 1 cm distance using the distal and sec-
ond most proximal pole. Recordings are made
using both a fixed (1 cm = 1 mV) and variable
gains. Paper speeds of 200 to 250 mm per sec-
ond are used. The mapping schema used has
12 left ventricular sites and during ventricular
tachycardia recordings are made from each of
these sites (Fig 11.6). Each site represents ap-
proximately 5 to 10 cm? and usually 15 to 20
sites are mapped, with a cluster of sites in or at
the border of aneurysm, if present, and near
areas where presystolic activity is recorded
(Fig 11.7).

Each morphologically distinct (as judged by
12-lead surface ECG obtained during the
study) ventricular tachycardia must be
mapped if possible. If the tachycardia is stable
and well tolerated by the patient, a 10 to 15-
site map will take from 25 to 45 minutes de-
pending on the experience of the person per-
forming the catheterization.?! It is crucial to
use multiplane fluoroscopy during catheter
mapping and to continue to visualize the cath-
eter position during recording of each site to
ensure that unintended catheter movement
does not take place. If a ventricular tachycar-
dia is poorly tolerated by the patient, it is our
practice to administer a drug (usually pro-

fragmented activity would be recorded before the
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