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Preface
Systematic analysis of pressure wave-
forms generated in the cardiac catheteri-
zation laboratory led to our current
understanding of the pathophysiology
of many valvular, congenital, myocar-
dial and pericardial diseases. Assessment
of hemodynamics has become an estab-
lished component of cardiac catheteri-
zation protocols and, along with
angiography, forms the basis of invasive
cardiovascular diagnostic testing. How-
ever, many cardiologists and cardiology
training programs currently neglect clas-
sic hemodynamic assessment, empha-
sizing instead the skills involved in
angiography and intervention. Patients
undergoing cardiac catheterization may
be misdiagnosed or their condition mis-
characterized because of errors in hemo-
dynamic measurement or interpretation.
In addition, recent advances in cardio-
vascular imaging and diagnostics have
transformed the practice of cardiology
to rely more heavily on echocardio-
grams, magnetic resonance images, and
computed tomographic scans. Although
these techniques offer unprecedented
and exquisite anatomical details of the
cardiovascular system, they have limita-
tions regarding their ability to assess the
physiologic impact of a specific disease
entity. Thus, it is imperative for an astute
cardiologist to be well versed in clinical
hemodynamics and invasive physiologic
assessment in order to correctly use and
interpret diagnostic tests and to diagnose
and treat many cardiac diseases.
It is the goal of this textbook to pro-

vide instruction in clinical hemodynam-
ics from the analysis of waveforms
generated in the cardiac catheterization
laboratory. Normal physiology and com-
mon pathophysiologic states encoun-
tered in the cardiac catheterization
laboratory and intensive care unit are
covered extensively and illustrated with
authentic hemodynamic waveforms col-
lected in routine clinical practice demon-
strating all important findings. This book
is designed primarily as a resource for
cardiologists in training, practicing cardi-
ologists, and cardiac catheterization labo-
ratory nurses and technicians, but may
also prove useful for anyone involved in
the care of cardiac patients, including
cardiology nurse practitioners, physician
assistants, coronary care unit nurses,
and both internal medicine and critical
care physicians.

Michael Ragosta, MD, FACC, FSCAI
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CH A P T E R 1

Introduction to
Hemodynamic
Assessment in the
Cardiac
Catheterization
Laboratory
MICHAEL RAGOSTA, MD
‘‘Look into any man’s heart you please,
and you will always find, in every one,
at least one black spot which he has to
keep concealed.’’
Pillars of Society, act III
Henrik Ibsen, 1877

Despite the exhortations of poets and
philosophers, the heart is, after all, sim-
ply a pump. The ability to ‘‘look into
any man’s heart’’ with the goal of under-
standing the function of this mysterious
organ circumvented early generations of
scientists and physicians. It would not
take long, however, for science to garner
the tools needed to peer into the hearts
of men. Many of the major functions of
the cardiovascular system important to
our understanding of health and disease
states are based onmechanical processes.
Cardiac chambers contract and relax,
valves open and close, and blood ebbs
and flows based upon elementary princi-
ples of hydraulics. Contrast this with
most other organ systems that exploit
complex cellular and biochemical pro-
cesses to accomplish their designated
functions. For example, the kidneys bal-
ance fluid and electrolytes and excrete
waste via an elaborate cellular array;
the liver, pancreas, and intestinal cells
digest food and absorb nutrients by a
series of complicated biochemical steps,
and muscle cells exert their cumulative
toil through the elegant dance of com-
plex protein molecules. The latter secrets
eluded physicians and scientists, until
only recently, when highly sophisticated
tools became available to reveal the intri-
cate and minute processes.
Many of the mechanical processes

inherent to cardiac physiology can be
understood by measuring changes in
blood pressure and blood flow; the term
hemodynamics refers to this discipline.
Numerous brilliant investigators over
many years applied the study of hemo-
dynamics to collectively expand our
knowledge of cardiovascular physiology
in both normal and pathologic condi-
tions. The lessons learned from these
generations of researchers rapidly became
assimilated into the contemporary prac-
tice of clinical cardiology. Currently,
hemodynamics is considered indispens-
able to the clinician managing patients
with cardiovascular disease and forms
the foundation of invasive diagnostic
cardiology.
A Brief History of
Hemodynamic Assessment
All important human endeavors possess
histories replete with colorful anecdotes
and legendary characters. The saga of
cardiac catheterization is no exception.
The practical measurement of hemody-

namics inhumans required several crucial
developments. These included the inven-
tion of safe and reliable catheterization
techniques to access and study the right
and left sides of the heart, the ability to
image catheter position, and the creation
of devices to convert pressure changes
into an interpretable graphic form.
Insertion of tubes into the bladders and

rectums of living persons and the blood
vessels of cadavers had been achieved
1
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since primitive times.1 The first cardiac
catheterization and pressure measure-
ment performed on a living animal is
attributed to the English physiologist
Stephen Hales early in the 1700s and
reported in the book Haemastaticks in
1733. By accessing the internal jugular
vein and carotid artery of a horse, Hales
performed his experiments using a brass
pipe as the catheter connected by a flexi-
ble goose trachea to a long glass column
of fluid. The pressure in the white mare’s
beating heart raised a column of fluid in
the glass tube over 9 feet high.1

As early as 1844, the famous French
physiologist Claude Bernard performed
numerous animal cardiac catheterizations
designed to examine the source of meta-
bolic activity. Many prominent scientists
theorized that ‘‘combustion’’ occurred in
the lungs. Using a thermometer inserted
in the carotid artery, Bernard2 compared
the temperature of blood in a living
horse’s left ventricle to blood in the right
ventricle, accessed from the internal
jugular vein, and showed slightly higher
right-sided temperatures, indicating that
metabolism occurred in the tissues, not
in the lungs. Bernard2 also appeared to
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FIGURE 1-1. Early pressure recordings obtained from the car
duced with permission, Mueller RL, Sanborn TA. The history o
plasty, and related interventions. Am Heart J 1995;129:146–17
be the first to record intracardiac pressure
using an early pressure recording system
connected to the end of a glass tube
inserted into a dog’s right ventricle.
Later in the 1800s, in an attempt to

address the controversy regarding the
nature and timing of the cardiac apex
beat, the French veterinarian Jean Bap-
tiste Auguste Chauveau and physician
Étienne Jules Marey performed catheter-
ization using rubber catheters placed
from a horse’s jugular vein and carotid
artery. These meticulous scientists recog-
nized the importance of obtaining the
highest quality data and recorded pres-
sures in various cardiac chambers with
clever mechanical devices invented by
others but modified to suit their needs.2

The graphic recordings obtained from
these early transducers and physiologic
recorders appear remarkably similar to
those obtained in today’s cardiac cathe-
terization laboratories (Figure 1-1).
From these early explorations of car-

diac pressure measurement evolved an
interest to quantify blood flow. In 1870,
the Germanmathematician and physiol-
ogist Adolph Fick3 published his famous
formula for calculating cardiac output
D

D'

diac chambers of a horse by Marey and Chauveau. (Repro-
f interventional cardiology: Cardiac catheterization, angio-
2.)



FIGURE 1-2. Wilhelm Konrad Roentgen, discoverer of
the X-ray. (With permission, from Edward P, Thompson D:
Roentgen Rays and Phenomena of the Anode and Cathode.
VanNorstrand Co., NY, 1896.)
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(oxygen consumption divided by arterio-
venous oxygen difference). However,
Fick had more interest in the conceptual
aspects of cardiac output determination
than in its validation or application. The
experiments necessary for validation of
Fick’s principle would fall to others more
than 60 years later. Fick3 also contributed
to the emerging field of hemodynamics
with his valuable work of refining early
pressure recording devices.

Despite numerous animal studies over
many years, the placement of a catheter
into the deep recesses of a living human
heart would have to wait for an accurate
method to image the course and position
of the catheter. Thiswould, ultimately, be
feasible only after Wilhelm Roentgen’s
discovery of X-rays in 1895 (Figure 1-2).
The invention of an apparatus allowing
us to peer inside the living human body
for the first time represented one of
the greatest medical advances in human
history. At the start of the 20th century,
it became possible to consider applying
the lessons learned from animal research
to humans. However, great trepidation
remained among cardiovascular research-
ers because most considered the place-
ment of a catheter into a living, beating
human heart foolhardy with potentially
deadly consequences.

Although the historical record best-
ows acclaim for the first human cardiac
catheterization to Werner Forssmann
(performed on himself in 1929), his
accomplishment may have been trumped
by the little known, often disputed, and
poorly documented efforts of fellow
Germans Fritz Bleichroeder, E. Unger, and
W. Loeb1,2 in 1905. In an effort to deliver
therapeutic injections close to the targeted
organ, these physicians attempted to
place catheters, without radiologic guid-
ance, into the central venous circulation
via the basilic and femoral veins. During
one attempt made on his colleague Blei-
chroeder, Unger may have actually gotten
into the heart because Bleichroeder
reported the development of chest pain.
They could not prove this theory because
they failed to document the catheter
position by x-ray or pressure recording
and never published their observations,
attempting to gain credit only after
Forssmann received his in 1929.1

The account of Forssmann’s first car-
diac catheterization on himself, for
which he was awarded the Nobel Prize
in Medicine and Physiology in 1956,
along with André Frederic Cournand
and Dickinson Woodson Richards,2,4–7

has been recounted numerous times
and with several versions, some more
engaging and colorful than others. The
consistently told elements of his narra-
tive are nearly unimaginable to contem-
porary physicians familiar with the
existing training, medicolegal, and prac-
tice environments.
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The essential facts of Forssmann’s story
are as follows. After graduating medical
school, Forssmann began training as a
surgical intern at the Auguste-Viktoria
Hospital in Eberswalde, Germany, a
small community hospital outside Berlin
(Figure 1-3). Forssmann’s6 motivation to
pursue a means of instrumenting the
right heart is unclear; he reported that it
evolved from the desire to find a method
of infusing lifesaving drugs into the heart
safer than by direct intramyocardial injec-
tion. Forssmann discussed his interest
with his chief, Dr. Richard Schneider, but
Schneider banned the enthusiastic intern
from pursuing this work, largely because
he thought it unlikely that mainstream,
German academicmedicinewould accept
medical research from a community
hospital. In addition, many considered
placement of a catheter into the heart
very dangerous; Schneider did not wish
notoriety for his hospital in the event
that these investigations ended poorly.
Undeterred by the prevailing lack of

support, Forssmann first placed catheters
into the heart of cadavers from an arm
vein then, impressed with the ease at
which the catheters advanced, decided to
perform the experiment on himself. As
he was forbidden to proceed with any
FIGURE 1-3. Werner Forssmann performed the first
catheterization on himself at this hospital in Eberswalde,
Germany. (Reproduced with permission, Forssmann-Falck
R. Werner Forssmann: A pioneer of cardiology. Am J Cardiol
1997;79:651–660.)
human experimentation by Schneider,
he decided to carry out his project in
secret. Forssmann recruited a colleague,
Peter Romeis, and a surgical nurse, Gerda
Ditzen, to assist him. Forssmann’s first
attempt failed. Peter Romeis performed
the cutdown on his cubital vein and
advanced the catheter 35 cm, but he lost
courage, believing it too dangerous to con-
tinue, and stopped the experiment even
though Forssmann felt fine. A week later,
Forssmann chose a quiet afternoon when
most of the hospital staff napped, and
together with his nurse accomplice gath-
ered the surgical instruments in an empty
room to perform the procedure. Gerda
Ditzen insisted on being the first sub-
ject and Forssmann played along, fully in-
tending to perform the procedure on
himself. After restraining the nurse to
the table and preparing her incision site
with iodine, Forssmann turned from her,
quickly performed the venous cutdown
on his own left arm and inserted the ure-
teral catheter 65 cm. Ditzen became angry
when she realized the deceit but quickly
helped him walk down a corridor and
two flights of stairs to the X-ray suite,
where Forssmann confirmed the position
of the catheter tip in his right atrium.
Romeis apparently intercepted him in
the X-ray suite to try to abort the experi-
ment, but, according to one account, ‘‘. . .
the only way Forssmann could hold him
off was by kicking him in the shins.’’4

In his published account of his self-
experimentation,Werner Forssmann8 also
describes a casewhere he used the catheter
to deliver a solution of glucose, epineph-
rine, and strophanthin into the heart of a
patient gravely ill with purulent peritoni-
tis from a ruptured appendix. The patient
died shortly after a brief periodof improve-
ment, and the autopsy confirmed the
catheter position in the right atrium.
Forssmann’s stunt did little to advance

the field of cardiac catheterizationbeyond
the bold demonstration that a catheter



FIGURE 1-4. Winner André F. Cournand, MD, along
with Dickinson W. Richards and Werner Forssmann, of
the Nobel Prize in Medicine, 1956. (Reproduced with per-
mission, Enson Y, Chamberlin MD. Cournand and
Richards and the Bellevue Hospital Cardiopulmonary Lab-
oratory. Columbia Magazine, Fall 2001.)
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could actually be positioned safely in the
human right atrium. No pressure mea-
surements were made, and the catheter
was not positioned in any other cardiac
chambers. However, Forssmann had
crossed the threshold and introduced the
world to the potential of human cardiac
catheterization.

Great turmoil and controversy followed
Forssmann’s publication. He failed to
gain support from the medical com-
munity, and, while he continued in-
vestigations in cardiac catheterization
(including at least six more self-experi-
ments),2 he became increasingly discour-
aged by the rigid, hierarchical nature of
German academic medicine and became
a urologist in private practice.

In the immediate years following
Forssmann’s success, a few isolated inves-
tigators dabbled in right-heart catheteri-
zation experiments.1,2 However, nearly
a decade would pass before there emer-
ged a systematic discipline of right-heart
catheterization exemplified by the
classical work of André F. Cournand
(Figure 1-4) and Dickinson W. Richards
at Columbia University’s First Medical
Division of Bellevue Hospital. Develop-
ment of right-heart catheterization arose
out of Cournand and Richards’s interest
in pulmonary function, measurement of
blood flow, and the interactions between
the heart and lungs in both health
and disease. In the early 1930s, the group
desired to measure pulmonary blood
flow using the direct Fick method; how-
ever, this would require measuring
mixed venous blood from the right heart,
a feat considered too dangerous. Aware
of Werner Forssmann’s act, the group
first demonstrated safety in animals and
then placed modified urethral catheters
in the right atrium of humans, sampling
blood for oxygen content and making
determinations of blood flow using
Fick’s principle. By the early 1940s, a safe
and valuable methodology of right-heart
catheterization had been established and
Columbia became recognized as the first
‘‘cardiopulmonary laboratory’’ capable of
applying these techniques to the study
of cardiac and pulmonary diseases. With
the onset of worldwide hostilities and
imminent war, the group first directed
their efforts to the analysis of blood flow
in traumatic shock, making important
observations valuable in wartime. After
the war, Cournand, Richards, and others
from their group published many land-
mark articles describing the hemodyna-
mic findings in congenital heart disease,
cor pulmonale, valvular heart disease,
and pericardial restrictive disease. Much
of our current understandings of these
conditions evolved from this important
body of work.
Growing confidence and experience in

right-heart catheterization techniques
led to interest in catheterization of the
left heart. Catheter access to the left heart
offered unique challenges and a much
greater concern about safety, and initial
adventures in accessing the left heart
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proved highly dangerous. Proposed and
attempted methods to access the left
ventricle included direct apical puncture,
retrograde access from puncture of the
thoracic or abdominal aorta, and a sub-
xiphoid entry first into the right ventricle
and then followed by puncture of the
interventricular septum. Methods to
directly access the left atrium included
a transbronchial approach via a broncho-
scope and a direct, posterior paraverte-
bral left atrial puncture. It is interesting
that reports of experiments involving
self-catheterization similar to Werner
Forssmann’s involving the left heart are
noticeably absent from the literature.
Henry Zimmerman et al.9 reported the

first series of retrograde left-heart cathe-
terizations from a left ulnar artery cut-
down. This report noted failure to pass
a catheter across the aortic valve from
a retrograde approach in five normal sub-
jects, theorizing that the normal aortic
valve prevented ‘‘against the stream’’
passage of the catheter so they turned
their attention to patients with aortic
insufficiency. Zimmerman successfully
entered the left ventricle in 11 patients
with syphilitic aortic insufficiency. How-
ever, in a single patient with rheumatic
aortic insufficiency, the attempt proved
fatal. Present-day cardiologists engaged
in the regular performance of left-heart
catheterization would find their account
shocking. While attempting to pass the
catheter into the left ventricle:

. . . the subject suddenly complained of
substernal chest pain and the
electrocardiogram which was being recorded
showed the abrupt appearance of
ventricular fibrillation. The catheter was
immediately withdrawn. Nine cubic
centimeters of 1 percent solution of procaine
with 0.5 cc of a 1:1000 solution of
adrenalin were injected directly into the
heart without effect on the cardiac
mechanism. The heart was then exposed
and massaged. This resulted in the
restoration of a sinus rhythm, but the
ventricular contractions were feeble and
fifteen minutes after the onset of ventricular
fibrillation the heart ceased beating.9

With a failure rate of 100% in normal
patients and an initial procedural mor-
tality of nearly 10%, it is a wonder that
further attempts at retrograde left-heart
catheterization were made. However,
perseverance improved the safety and
success at retrograde left-heart catheteri-
zation to its currently recognized form.
Additional advances included the devel-
opment of trans-septal catheterization
techniques, simultaneous right- and
left-heart catheterization, and, of course,
angiography. By the end of the 1950s,
right- and left-heart catheterization had
become firmly established clinical tech-
niques for the evaluation of valvular,
structural, and congenital heart disease.
With most of the basic elements of

catheterization techniques in place,
investigators turned to refinement in
equipment and techniques. Catheter
design represented one of the first impor-
tant refinements. The stiff, unwieldy
catheters available to earlier generations
of cardiovascular researchers required
substantial manipulative skill to position
and often caused significant arrhythmia.
The invention of the balloon flotation
catheter exemplified by the Swan-Ganz
catheter represented the innovation lead-
ing to the universal acceptance and
widespread practical application of hemo-
dynamic assessment. The balloon flota-
tion catheter became a clinical reality
from the desire of Dr. Harold JC Swan,
professor of medicine at the University of
California, Los Angeles, and director of
cardiology at Cedars-Sinai Medical Cen-
ter, to apply cardiac catheterization tech-
niques to study the physiology of acute
myocardial infarction (Figure 1-5). In the
early 1960s, cutting-edge hospitals began



FIGURE 1-5. HJC Swan, MD, co-developer of the popu-
lar Swan-Ganz catheter. (Reproduced with permission
from U.S. National Library of Medicine.)
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to develop specialized coronary care units
to care for patients with acute myocar-
dial infarction. Designed primarily to
monitor and treat arrhythmias, coronary
care units also became an obvious place
to study the physiology of acute myocar-
dial infarction. Early efforts to measure
hemodynamics in unstable patients with
acute myocardial infarction with stiff
catheters and the primitive techniques
available at that time induced life-threat-
ening arrhythmias. Cardiologists consid-
ered catheterization dangerous during
the acute phase of infarction and that it
carried an unacceptable risk.

Swan became aware of the work of
Ronald Bradley,10 who reported the use
of very small tubing to safely instrument
the pulmonary artery and measure pres-
sures in ‘‘severely ill’’ patients. When
Swan attempted this technique, how-
ever, he found little success in passing
the flimsy, small-caliber catheters from a
peripheral vein to the pulmonary artery.
In addition to the dearth of techniques
to access a central vein, the most likely
explanation for Swan’s lack of success
related to the low output state of his
patients compared to those of Bradley,
preventing flotation of the catheter
along the blood flow stream.
The answer to Swan’s dilemma pro-
vides an entertaining and often told
example of the near magical ability of
the human mind to solve problems.
Recalling this delightful story in his own
words in 199111:

In the fall of 1967, I had occasion to take
my (then young) children to the beach in
Santa Monica. On the previous evening,
I had spent a frustrating hour with an
extraordinary, pleasant but elderly lady in
an unsuccessful attempt to place one of
Bradley’s catheters. It was a hot Saturday
and the sailboats on the water were
becalmed. However, approximately half a
mile offshore, I noted a boat with a large
spinnaker well set and moving through the
water at a reasonable velocity. The idea
then came to put a sail or a parachute on
the end of a highly flexible catheter and
thereby increase the frequency of passage of
the device into the pulmonary artery. I felt
convinced that this approach would allow
for rapid and safe placement of a flotation
catheter without the use of fluoroscopy and
would solve the problem of arrhythmias.

Edwards Laboratories worked with
Swan to create the first five prototype
catheters that relied on a balloon to
accomplish flotation rather than para-
chutes or sails. (Interestingly, an early
form of a balloon flotation catheter was
described by Lategola and Rahn and
failed to gain the attention of cardiovas-
cular investigators; it did, however, pre-
vent Swan from obtaining a patent on
the idea11).
Swan had previously hired William

Ganz, an immigrant from the former
Czechoslovakia and survivor of the
World War II labor camps, to work in the
experimental laboratory at Cedars of
LebanonHospital. The first animal experi-
ments performed byGanzwith the proto-
type catheters were a brilliant success.
Once the catheter was advanced into the
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right atrium and the balloon inflated, the
catheter quickly migrated across the tri-
cuspid valve and out the pulmonary
artery to the wedge position, confirming
Swan’s notion. The catheters were tried
in humans with similar success and led
to the landmark publication in the New
England Journal of Medicine.12 The group
further refined the catheter’s design, and
Ganz added a thermistor to measure car-
diac output by the thermodilution tech-
nique. Swan recognized that the catheter
and procedure’s success as a universally
accepted bedside tool required that the
technique be safe, easy to use, and not
interfere with routine nursing care in the
intensive care unit. According to Swan11:

. . . right heart catheterization became so
routine and simple that the then Director of
the Diagnostic Catheterization Laboratory,
Dr. Harold Marcus, stated that he would
ban the device because it was impossible to
train the cardiac fellows in the appropriate
manipulations of right heart catheters.

The core elements of diagnostic car-
diac catheterization and hemodynamic
assessment have changed little since
the 1970s. Innumerable additional con-
tributors have refined catheterization
techniques and expanded our knowl-
edge of hemodynamics in health and
disease; the valuable contributions of
these notable leaders will be presented
in subsequent chapters of this book.
While the bulk of attention is paid

to the colorful pioneers of cardiac cathe-
terization, the important role of the
unglamorous physiologic recorder in
the advancement of the science of hemo-
dynamics is often ignored. In fact, the
development of accurate physiologic
recording equipment provided substan-
tial challenges. The contributions made
by mostly anonymous geniuses are easily
forgotten but were as crucial to the
development of cardiac catheterization as
Roentgen’s discovery of X-rays or Werner
Forssmann’s audacious self-experiments.
We take for granted the formidable task

of translating a pressure wave sampled at
the tip of the catheter to a graphic repre-
sentation plotted as pressure versus time.
The early pioneers of heart catheteriza-
tion recorded intracardiac pressures in
animals with primitive transducers
consisting of elasticmembranes attached
to the catheter and using water-filled
manometers that recorded pressure via
a system of levers to a chart recorder
(sphygmograph).2 Springs and other clever
mechanical adaptations to the devices
improved their performance. Early in
the 20th century, several individuals
made key contributions in this field.
Carl J. Wiggers13 represents one of the
key innovators in the development of
high-fidelity pressure recording instru-
ments. He is credited with the invention
of the Wiggers manometer, the first
optical manometer. The optical manom-
eter was based on work originally
conceptualized by Otto Frank. Wiggers
spent time in Frank’s Munich lab but
was quite taken aback by Frank’s secretive
nature. Wiggers noted13:

Such a restrictive attitude in sharing newly
developed apparatus was contrary to my
scientific upbringing and threatened to
frustrate my future use of them. Therefore,
I connived with the laboratory mechanic
who could use some extra money to make
copies for me. In a sense, therefore, I
smuggled the equipment I needed out of
the laboratory.

The configuration of Wiggers’s optical
manometer consisted of the catheter
attached to a fluid-filled chamber. At the
end of small side arm from this chamber
was an elastic membrane. A small mirror
attached to this membrane reflected
a light focused onto a light-sensitive
recording paper. In this way, pressure
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changes from the catheter would be
transmitted to the fluid-filled chamber
and then to the membrane. The light
beam essentially functioned as a weight-
less lever arm and a very sensitive
method of reproducing rapid pressure
changes. This innovation allowed the
first high-fidelity measurements of intra-
cardiac pressure (Figure 1-6). Subsequent
modifications by William F. Hamilton14

provided the essential equipment used
in Cournand and Richards’s laboratory
at Bellevue. Measuring and recording
hemodynamics in that era required great
patience and effort as demonstrated in
this description14:

Once the catheter was in place, all lights
in the room were turned off, and the
Hamilton manometer (which focused a
light on sensitive paper to record the
pressure contour) was attached to the
catheter and manipulated in absolute
darkness so that its light output could
FIGURE 1-6. High-fidelity re-
cordings obtained by Carl Wiggers
in 1921 from the right atrium
(top), pulmonary artery (middle),
and right ventricle (bottom) of a
dog, using the optical manometer.
(Reproduced with permission,
Reeves JT. Carl J. Wiggers and the
pulmonary circulation: A young
man in search of excellence. Am J
Physiol [Lung Cell Mol Physiol]
1998;18:L467–474.)
be captured with a handheld mirror and
adjusted to strike the paper. Researchers
could then record intravascular pressures.

Advances in electronics changed
the physiologic recorder. Oscilloscopes
replaced the Hamilton manometer; the
new systems converted catheter pre-
ssure to an electrical output displayed
on cathode ray tubes. Many of us still
recall the old-fashioned chart recorders
that used mechanical stylets to trace
the pressure contour onto heat-sensitive
paper for later analysis and storage
(Figure 1-7). These apparatuses have
been replaced by tiny, cheap, and dis-
posable table-mounted pressure transdu-
cers capable of converting a mechanical
force to an electrical one, with sub-
sequent conversion of this electrical sig-
nal in the ‘‘black box’’ of an advanced
computer to the colorful graphic display
to that we have become accustomed
(Figure 1-8).
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FIGURE 1-7. Mechanical recorder used to collect hemo-
dynamics and popular in the 1980s and early 1990s.

FIGURE 1-8. Modern cardiac catheterization laboratory
outfitted with computerized hemodynamic monitoring
systems used by the University of Virginia Cardiac Cathe-
terization Laboratories, circa 2006.
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Hemodynamic Assessment
in Modern Clinical Practice
The ease at which we can now assess
cardiovascular hemodynamics has estab-
lished cardiac catheterization as a routine
diagnostic procedure. Nearly all of the
thousands of cardiac catheterizations
performed each day in the United States
measure left ventricular and aortic pres-
sures; nearly a third of these also include
assessment of right heart pressures and
cardiac output. Many additional patients
undergo right-heart catheterization alone
in the cardiac catheterization laboratory.
Medical, surgical, and coronary intensive
care units contribute innumerable addi-
tional right-heart catheterization pro-
cedures performed at the bedside in
critically ill patients, and anesthesiolo-
gists rely on right heart pressuremonitor-
ing during many high risk surgical
procedures in the operating room. Thus,
hemodynamic assessment has become
an integral and established part of the
daily practices of cardiologists, pulmo-
nologists, anesthesiologists, surgeons,
and intensivists.
There are many indications for inva-

sive hemodynamic assessment. For
patients referred to the cardiac catheteri-
zation laboratory, right- and left-heart
catheterization is often performed for
the evaluation andmanagement of heart
failure syndromes, shock, unexplained
dyspnea, hypotension, respiratory fail-
ure, renal failure, edema, valvular heart
disease, pericardial disease, hypertrophic
cardiomyopathy, or congenital heart
disease. Patients with unusual chest pain
syndromes may require right-heart cath-
eterization to exclude pulmonary hyper-
tension. Most patients who undergo
cardiac catheterization mainly for the
evaluationof the coronary arteries, as seen
in stable angina, abnormal stress tests,
acute coronary syndromes, or uncom-
plicated myocardial infarction, require
only measurement of left heart and aor-
tic pressure. However, postmyocardial
infarction patients who exhibit hypo-
tension, serious arrhythmia, or heart fail-
ure, or in the case of a suspected
complication such as right ventricular
infarction, ventricular septal defect or
mitral regurgitation should also undergo
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a careful right-heart catheterization. Pati-
ents under evaluation for heart or lung
transplantation often undergo right-heart
catheterization to identify pulmonary
hypertension and, if present, a determina-
tion of reversibility by pharmacologic
administration of a vasodilator agent.

Common indications for the bedside
use of right-heart catheterization in
patients with cardiac disease include the
differentiation of cardiogenic from non-
cardiogenic causes of pulmonary edema,
profound hypotension or shock and the
guidance of therapy in patients with
heart failure, pulmonary edema, pulmo-
nary hypertension or shock particularly
if there is renal impairment. Detailed
recommendations on the indications
and use of bedside right-heart catheteriza-
tion have been provided.15
Equipment
The essential components of a hemo-
dynamic monitoring system include a
catheter, a transducer, fluid-filled tubing
to connect the catheter to the transdu-
cer, and a physiologic recorder to display,
A B

FIGURE 1-9. Catheters used for collecting hemodynamic m
model has four ports consisting of a proximal lumen (a), a dis
balloon mounted at the tip of the catheter. There is an extra
mance of thermodilution cardiac outputs connects to the com
increments marked by lines (arrow). B, Example of a Berman
ography. There is a port connecting to the distal lumen (a) and
to allow angiography at the tip of the catheter (c).
analyze, print, and store the hemody-
namic waveforms generated.
A variety of catheters are available for

pressure sampling (Figure 1-9). The opti-
mal catheter for hemodynamic measure-
ments is stiff to transmit the pressure
wave to the transducer without absorp-
tion by the catheter, is easy and safe to
position, and has a relatively large lumen
opening to an end hole. The use of an
end-hole catheter is especially important
when sampling pressures within small
chambers or when discerning pressure
gradients over relatively small areas. An
end-hole catheter may lead to damping
or other artifact if the end-hole comes
into contact with the wall of the cardiac
chamber. The commonly used ‘‘pig-tail’’
catheter hasmultiple side-holes and sam-
ples pressure at each of these openings,
resulting in a tracing representing a mix-
ture of the pressure waves collected at
each opening. Such catheters are ade-
quate if sampling pressure in a large,
uniform chamber such as the aorta or left
ventricle. It will not, however, have the
required resolution to discern pressure
gradientswithin the left ventricle. Cathe-
ters with an end-hole and side-holes at
easurements. A, The popular Swan-Ganz catheter. This
tal lumen (b), and the balloon port (c), which inflates the
infusion port (d) on this model. The thermistor for perfor-
puter via a connecting plug (e). The catheter has 10-cm

catheter. This is used for hemodynamics but also for angi-
a balloon inflation port (b). There are multiple side-holes
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just the tip prevent damping or artifac-
tual waveforms due to positioning of
the catheter tip against the chamber wall
and are useful for collecting samples for
oxygen saturation. The Swan-Ganz cath-
eter is the most commonly used catheter
for measuring right-heart pressures. In
addition to the balloon at the tip for flo-
tation, it consists of an end-hole (distal
port), a side-hole 30 cm from the cathe-
ter tip (proximal port), and a thermistor
for measurement of thermodilution car-
diac output. This catheter is used exten-
sively in modern cardiac catheterization
laboratories as well as at the bedside for
invasive monitoring. Other balloon flo-
tation catheters include the Berman
catheter, which is constructed of multi-
ple side-holes near the tip and no end-
hole or thermistor and is used principally
for performance of angiography, and the
balloon-wedge catheter, which contains
an end-hole similar to the Swan-Ganz
catheter but no thermistor for cardiac
output measurement or additional infu-
sion or pressure monitoring ports. Other
catheters rarely used today for pressure
measurement or for blood sampling dur-
ing right-heart catheterization do not use
FIGURE 1-10. Setup for a table-mounted transducer used fo
oratory. A, The general configuration. The catheter used to
(arrow). A close-up view of the transducer is shown in B (arr
attaches by a stopcock to the transducer (a). Another stopcoc
ducer connects by a cable to the hemodynamic computer (c)
balloon flotation to assist in catheter posi-
tioning and must be directed carefully
through the cardiac chambers under fluo-
roscopic guidance by the operator. These
include the Layman catheter and Cour-
nand catheter consisting of an end-hole,
the NIH catheter that contains multiple
side-holes near the tip but no end-hole,
and the Goodale-Lubin catheter consist-
ing of an end-hole and two single side-
holes near the tip and used mostly for
blood sampling.
Transducers and tubing constitute

the next important component of the
hemodynamic measurement system.
Table mounted, fluid-filled transducers
currently used by most catheterization
laboratories and intensive care units are
inexpensive and disposable (Figure 1-10).
The pressure wave is transmitted through
the fluid-filled catheter to a membrane in
the transducer and deforms the mem-
brane resulting in a change in electrical
resistance. This electrical signal is trans-
mitted to the analyzing computer and
converted to a graphic representation of
the pressure wave. These relatively inex-
pensive transducers are factory calibrated
but require ‘‘zeroing.’’ They sometimes
r pressure measurement in the cardiac catheterization lab-
sample pressure is connected to a high-pressure tubing
ow). The high-pressure tubing connecting to the patient
k allows flushing and equilibration with air (b). The trans-
.



TABLE 1-1. Components of a Routine
Complete Right- and Left-Heart
Catheterization

1. Position pulmonary artery (PA) catheter.
2. Position aortic (AO) catheter.
3. Measure PA and AO pressure.
4. Measure thermodilution cardiac output.
5. Measure oxygen saturation in PA and AO blood

samples to determine Fick output and screen for
shunt.

6. Enter the left ventricle (LV) by retrograde
crossing of the AO valve.

7. Advance PA catheter to pulmonary capillary
wedge position (PCWP).

8. Measure simultaneous LV-PCWP.
9. Pull back from PCWP to PA.

10. Pull back from PA to right ventricle (RV) to
screen for pulmonic stenosis and record RV.

11. Record simultaneous LV-RV.
12. Pull back from RV to right atrium (RA) to screen

for tricuspid stenosis and record RA.
13. Pull back from LV to AO to screen for aortic

stenosis.
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do not hold calibration or a ‘‘zero’’ during
use so should be replaced if suspicious or
faulty data are obtained.

Fluid-filled systems are acceptable for
clinical purposes but are subject to mea-
suring artifact. The catheter and connect-
ing tubing should be stiff; soft tubingwill
absorb the pressure wave, damping and
distorting it. In addition, the catheter as
well as the tubing connecting the cathe-
ter and transducer should be as short as
possible, with as few connections as pos-
sible to prevent timing delays, pressure
damping, and a potential source of air
bubbles. Great care should be taken to
prevent kinking of the catheter or intro-
ducing air or clot within the catheter or
tubing because this will distort the wave-
form and lead to inaccuracies. Under cer-
tain circumstances, pressure may be
measured directly in the cardiac chamber
or vessel by use of a tiny transducer
(micromanometer) mounted at the tip
of a catheter, avoiding the limitations of
a fluid-filled system. This is often the case
when precise hemodynamic measure-
ments are required as part of a research
study but also form the basis of the
pressure wire used for measurement of
intracoronary pressure, which will be
discussed in a later chapter.

Finally, a variety of proprietary com-
puter systems are available for displaying,
printing, and storing hemodynamic
waveforms. The major systems in use are
universally excellent and perform many
of the analyses and calculations previ-
ously done manually. These systems ana-
lyze the waveforms and automatically
identify systolic and diastolic pressure
values. It is important to note, however,
that the recognition algorithms in these
systems occasionally misidentify wave-
forms, particularly if there is artifact in
the waveform or on the electrocardio-
gram. For instance, left ventricular end
diastolic pressure or pulmonary artery
systolic pressure may not be properly
identified if there is catheter whip or
marked respiratory variation. It is impor-
tant for the operator to compare his or
her own interpretation of the waveforms
with the numbers provided by the
computer to ensure accurate reporting of
these values.
Catheterization Protocols
During a complete right- and left-heart
catheterization, the following routine
is generally followed (Table 1-1). After
obtaining arterial and venous access, the
physician positions the Swan-Ganz cath-
eter in the pulmonary artery and a pigtail
catheter in the aorta. Thermodilution
cardiac output is measured and blood
sampled from the aorta and the pulmo-
nary artery to calculate cardiac output
using the Fick principle and to screen
for an intracardiac shunt. Aortic and pul-
monary artery pressures are measured
and then the pigtail catheter advanced
in a retrograde fashion across the aortic
valve and into the left ventricle. The
Swan-Ganz catheter is advanced to the



TABLE 1-2. Some Potential Risks of Right- and
Left-Heart Catheterization

1. Access site complications
Bleeding
Hematoma
Vessel injury
Nerve injury
Infection
Pseudoaneurysm formation
Arteriovenous fistula formation
Pneumothorax (for internal jugular vein
puncture)

Inadvertent arterial puncture
2. Arrhythmia

Ventricular tachycardia, ventricular fibrillation
Atrial arrhythmia, supraventricular
tachycardia

Transient bundle branch block
Heart block

3. Myocardial infarction
4. Stroke
5. Infection

Bacteremia
Endocarditis

6. Pulmonary embolism/infarction
7. Pulmonary artery rupture
8. Vessel or cardiac chamber perforation
9. Catheter entrapment

10. Cholesterol embolization
11. Renal failure
12. Death
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pulmonary capillary wedge position
and simultaneous left ventricular and
pulmonary capillary wedge pressure
measured to screen for the presence of
mitral stenosis. Pressure recordings are
obtained from each chamber as the
right-sided catheter is withdrawn with
careful attention paid as the catheter
crosses the pulmonic and tricuspid valves
to screen for valvular lesions. Simulta-
neous right ventricular and left ventricu-
lar pressure recordings are obtained to
screen for restrictive/constrictive physi-
ology. Finally, careful observation of the
pressure waveform, as the left ventricular
catheter is pulled back into the aorta,
serves as a screen for aortic valve stenosis.
As in most procedures, there are few

‘‘absolute’’ contraindications to cardiac
catheterization. The risk-benefit ratio
should be carefully considered in each
individual. Relative contraindications
for invasive hemodynamic assessment
relate to patient features that increase
procedural risk. While generally consid-
ered safe, there are multiple, serious
potential complications from right- and
left-heart catheterization (Table 1-2).
The most commonly observed complica-
tions relate to the access site, with hema-
toma, bleeding, and vessel injury not
infrequent. Thus, significant coagulopa-
thy or thrombocytopenia or treatment
with anticoagulant or thrombolytic
drugs increases the risk of the procedure.
Careful consideration should be made
in patients with active infections, par-
ticularly bacteremia. Left-heart cathe-
terization is frequently avoided in
patients with known left ventricular
thrombus or active aortic valve endocar-
ditis to minimize the risk of emboliza-
tion. Arrhythmias are commonly seen
during catheterization; most are due to
catheter position, are transient, and of
no clinical consequence. However, high-
grade atrioventricular block can arise
if the patient has underlying conduction
abnormalities. Catheter placement in the
right ventricular outflow tract can lead
to right bundle branch block; left bundle
branch block may arise when the aortic
valve is crossed. Thus, patientswith exist-
ing left bundle branch block may
develop complete blockwhen right-heart
catheterization is performed; similarly,
patients with underlying right bundle
branch block may develop complete
heart block when the catheter crosses
the aortic valve during a left-heart cathe-
terization. Normal conduction is gener-
ally restored with prompt removal of
the offending catheter butmaypersist for
some time and even require placement
of a temporary pacemaker. Catheteriza-
tion should be postponed, if possible, in
patients with serious electrolyte or meta-
bolic disarray because these may pre-
dispose the patient to development of
ventricular or atrial arrhythmias during
catheterization.
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CH A P T E R 2

Normal Waveforms,
Artifacts, and Pitfalls
MICHAEL RAGOSTA, MD
The proper collection and interpreta-
tion of hemodynamic waveforms are
important components of cardiac cathe-
terization often overshadowed by more
glamorous aspects of invasive cardio-
logy, such as angiography and coronary
intervention. Accurate intracardiac pres-
sure measurements provide invaluable
physiologic information in both normal
and pathologic states; poorly gathered
or erroneously interpreted waveforms
may lead to an incorrect diagnosis or a
poor clinical decision. It is imperative
that competent cardiologists understand
normal and abnormal hemodynamic
waveforms and are capable of trouble-
shooting problems and recognizing
common artifacts and potential pitfalls
during the collection of hemodyna-
mic data.
Generation of Pressure
Waveforms
The goal of a hemodynamic study is
to accurately reproduce and analyze the
changes in pressure that occur during
the cardiac cycle within a cardiac cham-
ber. These rapidly occurring events rep-
resent mechanical forces and require
conversion to an electrical signal to be
transmitted and subsequently translated
into an interpretable, graphic format.
The pressure transducer is the essential
component that translates the mechani-
cal forces to electrical signals. The trans-
ducer may be located at the tip of the
16
catheter (micromanometer) within the
chamber or, more commonly, the pres-
sure transducer is outside of the body,
and a pressure waveform is transmitted
from the catheter tip to the transducer
through a column of fluid. These transdu-
cers consist of a diaphragm or membrane
attached to a strain-gauge-Wheatstone
bridge arrangement. When a fluid wave
strikes the diaphragm, an electrical cur-
rent is generated with a magnitude de-
pendent on the strength of the force that
deflects the membrane. The output cur-
rent is amplified and displayed as pressure
versus time.
During the cardiac cycle, changes in

pressure occur rapidly, corresponding
with various physiologic events. The
force wave created by these events gen-
erates a spectrum of wave frequencies.
Consider, for example, the different
events that occur within the aorta
throughout a single cardiac cycle. Begin-
ning with left ventricular ejection, the
aortic valve opens, causing pressure to
rise in the aorta, rapidly reaching a peak,
then falling quickly following peak ejec-
tion. Closure of the aortic valve repre-
sents another event, marking the end
of systole, and is associated with a slight
rise in pressure followed by pressure
decay during ventricular diastole until
the next ventricular contraction. All of
these events occur rapidly and are asso-
ciated with varying wave frequencies.
When the force wave strikes the trans-
ducer, it should precisely reproduce all
of these events. The full range of fre-
quencies needed to reproduce all of
these force waves requires a sensing
membrane capable of a rapid frequency
response (0–20 cycles/second in the
human heart). However, the physical
properties of a membrane capable of
such a wide frequency response might
resonate, creating artifacts. This phe-
nomenon is similar to the sound that
a bell makes, continuing to oscillate
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after initially struck. Resonation artifact
appears on the waveform as excessive
‘‘noise,’’ but reverberations can also lead
to harmonic amplification of the wave-
form overestimating systolic pressure
and underestimating diastolic pressure
(Figure 2-1). Therefore, hemodynamic
measurement systems need to provide
some level of ‘‘damping’’ to reduce reso-
nation artifacts. Damping is a method
of eliminating the oscillation; it may be
done by the introduction of friction
to reduce the oscillation of the sensing
membrane, or it may be accomplished
electrically by damping algorithms.
However, note the importance that
damping reduces the frequency response
and may result in loss of information.
Over-damping results in loss of rapid,
high-frequency events (for example, the
dicrotic notch on the aortic waveform),
causing underestimation of the systolic
pressure and overestimation of the dia-
stolic pressure. The ideal pressure tracing
has the proper balance of frequency
response and damping.
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Over-damped
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FIGURE 2-1. Schematic representation of the effects of over
damped waveform will overestimate systolic pressure and und
have the opposite effects. In addition, the over-damped wave
dicrotic notch.
Calibration, Balancing,
and Zeroing
Previous generations of transducers
required calibration against a mercury
manometer; the factory-calibrated, dis-
posable, fluid-filled transducers in clinical
use today no longer need this. Table-
mounted transducers do require bal-
ancing or ‘‘zeroing,’’ which refers to the
establishment of a reference point for
subsequent pressure measurements. The
reference or ‘‘zero’’ position should be
determined before any measurements
are made. By convention, it is defined at
the patient’s midchest in the anteropos-
terior dimension at the level of the ster-
nal angle of Louis (fourth intercostal
space) (Figure 2-2). This site is an estima-
tion of the location of the right atrium
and is also known as the phlebostatic axis.
A table-mounted transducer is placed at
this level and the stopcock is opened to
air (atmospheric pressure) and set to zero
by the hemodynamic system. The system
is now ready for pressure measurements.
- or under-damping on the pressure waveform. An under-
erestimate diastolic pressure, whereas over-damping will
form obscures subtle hemodynamic findings, such as the
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FIGURE 2-2. A, Demonstration of the ‘‘zero’’ position or phlebostatic axis representing a point midway in the antero-
posterior chest dimension at the fourth intercostal space. B, Table-mounted transducers are positioned at this point using
a level to ensure accuracy.
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The tradition of using the midaxillary
line as the zero position has been called
into question. Because of the influence
of hydrostatic pressure, in the supineposi-
tion, and use of fluid-filled transducers,
some physicians believe that setting the
zero position as the upper border of the
left ventricle is more accurate.1 The dif-
ference between this location and the
conventional location provides greatest
accuracy in diastolic pressure measure-
ments. However, most routine labs find
this approach impractical because it
requires the use of echocardiography to
determine the precise location; it is more
applicable to research investigations.
A major advantage of the midchest posi-
tion is that it has been shown to correlate
with the position of the left atrium by
magnetic resonance imaging studies
regardless of the patient’s age, gender,
body habitus, or presence of chronic lung
disease.2 Frequently, busy catheterization
laboratories might position the trans-
ducer at the same level for all patients or
from a measured, fixed distance from
either the table or from the top of the
patient’s chest, without taking into con-
sideration the variations in patient posi-
tion or body habitus. This practice will
lead to marked inaccuracies, particularly
in patients who are unable to lie flat or
who are at the extremes of body weight.
A transducer placed above the true
zero position will furnish a measured
pressure lower than the actual pressure;
a transducer placed below the true zero
positionwill result in a pressuremeasure-
ment higher than the actual pressure.
These small pressure changes caused
by improper zeroing may lead to signifi-
cant errors in diagnosis and, perhaps,
inappropriate therapy.
Transducer drift refers to either the

loss of calibration or loss of balance after
initially setting the zero level. This is
not uncommon. Many patients have
been started on pressors for hypoten-
sion or a patient falsely diagnosed with
mitral stenosis because of inaccurate
transducer balancing, improper zero
positioning, or transducer drifting. Care-
ful attention to this aspect is important
for proper interpretation.
Normal Physiology and
Waveform Characteristics
Interpretation of pressure waveforms
requires a consistent and systematic
approach (Table 2-1). After confirming
the zero level, the scale of the recording



TABLE 2-1. A Systematic Approach to
Hemodynamic Interpretation

1. Establish the zero level and balance transducer.
2. Confirm the scale of the recording.
3. Collect hemodynamics in a systematic method

using established protocols.
4. Critically assess the pressure waveforms for

proper fidelity.
5. Carefully time pressure events with the ECG.
6. Review the tracings for common artifacts.

Chapter 2—Normal Waveforms, Artifacts, and Pitfalls 19
is noted and a recording sweep speed is
determined. Establishing standard pro-
tocols is helpful to ensure that all ne-
cessary information is collected in a
systematic format (see Chapter 1). Care-
ful scrutiny of the waveform ensures a
high-fidelity recording without over- or
Phase

Aortic

Left
ventricular

Left
atrial

A C

1 2 3

FIGURE 2-3. Timing of the major electrical and mechanical e
Phase 2 ¼ isovolumic contraction; Phase 3 ¼ rapid ejection; Ph
Phase 6 ¼ rapid ventricular filling; and Phase 7 ¼ reduced ventr
under-damping. Each pressure event
should be timed with the electrocardio-
gram (ECG). Finally, the operator should
review the tracings for the presence of
common artifacts that might lead to
misinterpretation.
Note the importance of multiple

events and their interrelationship to
properly interpret pressure waveforms,
particularly in disease states. Figure 2-3
demonstrates the three basic waveforms
(atrial, ventricular, and arterial) and
their relationships to key electrical and
physiologic events during the normal
cardiac cycle. Each waveform will be
described in detail in the following
sections.
Dicrotic
notch

V

4 5 6 7

vents during the cardiac cycle. Phase 1 ¼ atrial contraction;
ase 4 ¼ reduced ejection; Phase 5 ¼ isovolumic relaxation;
icular filling.
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Right Atrial Waveform
FIGURE 2-5. Right atrial waveform obtained in a patient
with chronic atrial fibrillation, demonstrating persistence
of the x descent despite loss of the a wave.
The normal right atrial pressure is
2–6 mmHg and is characterized by a
and v waves and x and y descents
(Figure 2-4). The a wave represents the
pressure rise within the right atrium
due to atrial contraction and follows
the P wave on the ECG by about
80 msec. The x descent represents the
pressure decay following the a wave and
reflects both atrial relaxation and the
sudden downward motion of the atrio-
ventricular (AV) junction that occurs
because of ventricular systole. An a wave
is usually absent in atrial fibrillation, but
the x descent may be present because
of this latter phenomenon (Figure 2-5).
A c wave is sometimes observed after
the a wave and is due to the sudden
motion of the tricuspid annulus toward
the right atrium at the onset of ventric-
ular systole. The c wave follows the a
wave by the same time as the PR inter-
val on the ECG; the first-degree AV
block results in a more obvious c wave
(Figure 2-6). When a c wave is present,
the pressure decay following it is called
an x1 descent.
FIGURE 2-4. An example of a normal right atrial pres-
sure waveform. Note the timing from the electro-
cardiographic P and T waves to the hemodynamic a and
v waves, respectively.
The next pressure event is the v wave.
A misunderstanding exists regarding the
v wave. Although this event is occurr-
ing at the same time as ventricular sys-
tole, when the tricuspid valve is closed,
the pressure rise responsible for the
v wave is due to passive venous filling
of the atrium, representing atrial dias-
tole. Increased filling of the right atrium
results in greater prominence of the v
wave. The peak of the right atrial v wave
occurs at the end of ventricular systole,
when the atria are maximally filled and
corresponds with the end of the T wave
on the surface ECG. The pressure decay
that occurs after the v wave is the y
descent and is due to rapid emptying
of the right atrium when the tricuspid
valve opens. Atrial contraction follows
this event and the onset of another car-
diac cycle. In normal right atrial wave-
forms, the a wave typically exceeds the
v wave. During inspiration, the mean
right atrial pressure decreases due to
the influence of decreased intratho-
racic pressure, and there is augmenta-
tion of passive right ventricular filling;
the y descents become more prominent
(Figure 2-7).
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FIGURE 2-6. Example of a right
atrial waveform with prominence
of the c wave due to the presence
of first-degree AV block.

FIGURE 2-7. With inspiration, the x and y descents
become more prominent on the right atrial waveform.
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Right Ventricular Waveform
The normal right ventricular systolic
pressure is 20–30 mmHg, and the nor-
mal right ventricular end-diastolic pres-
sure is 0–8 mmHg. Right ventricular
tracings exhibit the characteristic fea-
tures of ventricular waveforms with
rapid pressure rise during ventricular
contraction and rapid pressure decay
during relaxation with a diastolic phase
characterized by an initially low pressure
that gradually increases (Figure 2-8). The
right atrial pressure should be within
a few mmHg of right ventricular end-
diastolic pressure unless there is tricuspid
stenosis. With atrial contraction, an a
wave may appear on the ventricular
waveform at end-diastole (Figure 2-9),
which is not a normal finding because
the normal, compliant right ventricle
typically absorbs the atrial component
without a significant pressure rise. There-
fore, the presence of the a wave on
a right ventricular waveform usually



FIGURE 2-10. An example of a normal pulmonary
artery waveform. Note the dicrotic notch (arrow).

FIGURE 2-9. Right ventricular waveform obtained in a
patient with pulmonary hypertension and right ventricular
hypertrophy, demonstrating prominent a waves.

FIGURE 2-11. Respiratory variation in a pulmonary
artery pressure wave.

FIGURE 2-8. Example of a normal right ventricular
waveform.
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indicates decreased compliance frompul-
monary hypertension, right ventricular
hypertrophy, or volume overload.
Pulmonary Artery Waveform
The normal pulmonary artery systolic
pressure is 20–30 mmHg, and the nor-
mal diastolic pressure is 4–12 mmHg
(Figure 2-10). A systolic pressure differ-
ence should not exist between the right
ventricle and the pulmonary artery
unless there is pulmonary valvular or
pulmonary artery stenosis. The pulmo-
nary artery pressure tracing is similar to
other arterial waveforms, with a rapid
rise in pressure, systolic peak, a pressure
decay associated with a well-defined
dicrotic notch from pulmonic valve clo-
sure, and a diastolic trough. Peak sys-
tolic pressure occurs within the T wave
on the surface ECG.
The pulmonary artery waveform, like

other right heart chamber pressure wave-
forms, is subject to respiratory changes
(Figure 2-11). Inspiration decreases in-
trathoracic pressure, and expiration
increases intrathoracic pressure. The pres-
sure changes associated with respiration
transmitted to the cardiac chambers are
often small and of little consequence.
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However, patients onmechanical ventila-
tors, with pulmonary disease or morbid
obesity or in respiratory distress,may gen-
erate substantial changes in intrathoracic
pressure, resulting in marked differences
in pulmonary artery pressures during the
respiratory phases (Figure 2-12). Most
experts consider end-expiration to be the
proper point to assess pulmonary artery
(and other cardiac chamber) pressures
because it is at this phase that intratho-
racic pressure is closest to zero.3 The pul-
monary artery end-diastolic pressure is
sometimes used as an estimation of the
left atrial pressure; however, it is highly
inaccurate, especially if the pulmonary
vascular resistance is abnormal.4
FIGURE 2-12. Marked respiratory variation in pulmo-
nary artery pressure. A, A patient with marked pulmonary
hypertension. B, A patient with morbid obesity.
Pulmonary Capillary Wedge
Pressure Waveform
The normalmean pulmonary capillary
wedge pressure, or PCWP, is 2–14 mmHg
(Figure 2-13). A true PCWP can be
measured only in the absence of antero-
grade flow in the pulmonary artery and
with an end-hole catheter, such that
pressure is transmitted through an unin-
terrupted fluid column from the left
atrium, through the pulmonary veins
and pulmonary capillary bed to the cath-
eter tip wedged in the pulmonary artery.
Under these circumstances, the PCWP is
a reflection of left atrial pressure with
a and v waves and x and y descents.
The PCWP tracing exhibits several

important differences from a directly
measured atrial pressure waveform. The
c wave, sometimes identified in an atrial
waveform, is absent because of the
damped nature of the pressure wave.
The v wave typically exceeds the a wave
on the PCWP tracing. Because the pres-
sure wave is transmitted through the
pulmonary capillary bed, a significant
time delay occurs between an electrocar-
diographic event and the onset of the
corresponding pressure wave. The delay
may vary substantially, depending on
the distance the pressure wave travels.
FIGURE 2-13. A normal pulmonary capillary wedge
pressure waveform with distinct a and v waves.
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Shorter delays are observed when the
PCWP is obtained with the catheter tip
in a more distal location. Typically, the
peak of the a wave follows the P wave
on the ECG by about 240 msec rather
than 80 msec, as seen in the right atrial
tracing.5 Similarly, the peak of the v
wave occurs after the T wave has already
been inscribed on the ECG. The relation
between a true left atrial pressure and
the PCWP is shown in Figure 2-14. Note
the time delay between the same physi-
ologic events and the ‘‘damped’’ nature
of the PCWP relative to the left-atrial
(LA) waveform, with a pressure slightly
lower than the left atrium it is meant
FIGURE 2-14. Relationship between the left atrial (LA)
and pulmonary capillary wedge pressure (PCWP) wave-
forms. Note the time delay on the PCWP for the same
events and the relatively ‘‘damped’’ appearance of the
PCWP tracing with a slightly lower pressure compared
with the LA pressure.

Zone1

Zone 2

Zone 3
to reflect. In general, the mean PCWP is
within a few millimeters of mercury of
the mean left atrial pressure, especially if
the wedge and pulmonary artery systolic
pressures are low.6 High pulmonary
artery pressure creates difficulty in
obtaining a true ‘‘wedge,’’ falsely elevat-
ing the pulmonary capillary wedge pres-
sure relative to the left atrial pressure.
Obtaining an accurate and high-qual-

ity PCWP tracing is not always easy or
possible. An existing uninterrupted fluid
column between the catheter tip and
the left atrium is important. However,
the lung consists of three distinct physio-
logic pressure zones with a different rela-
tion between the alveolar, pulmonary
artery, and pulmonary venous pressures
(the lung zones of West) (Figure 2-15).7

Zone 1 is typically present in the apex of
the lungs, where the alveolar pressure is
greater than the mean pulmonary artery
and pulmonary venous pressures. Zone
2 is located in the central portion of
the lung, and pulmonary artery pressure
exceeds alveolar pressure, which, in turn,
is greater than the pulmonary venous
pressure. These zones are not acceptable
for estimation of the PCWP because cap-
illary collapse is present based on these
pressure relations, and a direct column
of blood does not exist between the
left atrium and the wedged catheter tip.
PA > Pa > Pv

Pa > PA > Pv

Pa > Pv > PA

FIGURE 2-15. Schematic representa-
tion of the three lung zones of West.
PA ¼ alveolar pressure, Pa ¼ pulmo-
nary artery pressure, Pv ¼ pulmonary
venous pressure. A true wedge pressure
can be obtained only when an uninter-
rupted column of blood exists from the
pulmonary vein to the pulmonary artery.
In zone 1, alveolar pressure is the highest
pressure compressing both vessels; in
zone 2, although pulmonary arterial pres-
sure exceeds pulmonary alveolar pres-
sure, the pulmonary venous system is
compressed by the higher alveolar pres-
sures. Zone 3 is the only area where alve-
olar pressure is lower than pulmonary
venous pressure and does not interfere
with the column of blood, thus allowing
an accurate wedge pressure.
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Lung zone 3 is represented by the base
of the lung, where alveolar pressure is
lower than both pulmonary arterial and
pulmonary venous pressure, allowing
pressure transmission directly from the
left atrium to the wedged catheter tip.
Lung zone 3 is where PCWP accurately
reflects left atrial pressure. Fortunately,
in most patients in the supine position
on a cardiac catheterization table, most
of the lung is in zone 3. In addition,
because most blood flows to that area,
the catheter tip of a balloon flotation
catheter usually ends up in zone 3. Situa-
tions associated with catheter tip loca-
tion in a non–zone 3 location include
the use of positive end expiratory
pressure (PEEP), mechanical ventilation
(alveolar pressure increased and less of
lung is zone 3), and hypovolemia.
Demonstrating that the catheter tip is
below the level of the left atrium, how-
ever, ensures a zone 3 location and
greater accuracy.3

Characteristics of a high-quality PCWP
include (1) presence of well-defined a
and v waves (note that the a wave is
absent in atrial fibrillation and phasic
waves may not be distinct at low pres-
sures); (2) appropriate fluoroscopic con-
firmation with the catheter tip in the
distal pulmonary artery and no appar-
ent motion of the catheter with the
balloon inflated; (3) an oxygen satura-
tion obtained from the PCWP position
is greater than 90%; and (4) a distinct,
abrupt rise in mean pressure is observed
when the balloon is deflated or the
catheter is withdrawn from the PCWP
position to the pulmonary artery. Of all
these signs, obtaining an oxygen satura-
tion greater than 90% from the catheter
tip is the most confirmatory of a true
PCWP. An ‘‘over-wedged’’ pressure occurs
when the catheter tip is in a peripheral
pulmonary artery and the balloon is over-
inflated; this catheter position may lead
to pulmonary artery rupture, a potentially
fatal complication of pulmonary artery
catheterization. Over-wedging causes a
false PCWP measurement without dis-
tinct a and v waves and a tracing that
does not reflect left atrial pressure.
The mean PCWP is approximately

0–5 mmHg lower than the pulmonary
artery diastolic pressure, unless there
is increased pulmonary vascular resis-
tance. Obtaining a suitable and accu-
rate wedge pressure may be difficult or
impossible in patients with pulmonary
hypertension. Accordingly, if it is impor-
tant to measure the left atrial pressure
accurately, such as during evaluation
of mitral stenosis, and if the operator
is unable to confirm the wedge
pressure, then a transseptal catheteriza-
tion with direct measurement of the left
atrial pressure is necessary. Similar to
other right-sided pressure tracings, the
end-expiratory wedge pressure is most
representative of the true hemodynamic
status if there is a great deal of respira-
tory variation.
Overall, a good correlation exists be-

tween the pulmonary capillary wedge,
left atrial, and left ventricular end-
diastolic pressures. The PCWP does not
correlate with left ventricular end-
diastolic pressures when there is mitral
stenosis, severe mitral or aortic regurgi-
tation, pulmonary venous obstruction,
marked increase in positive end-
expiratory pressure, left atrial myxoma,
marked left ventricular noncompliance,
or non–zone 3 location of the catheter
tip.8 In patients with large v waves, the
trough of the x descent is the best predic-
tor of the left ventricular end-diastolic
pressure.9

Determination of the PCWP in pati-
ents on a ventilator with PEEP poses a
common clinical dilemma. Positive end-
expiratory pressure increases alveolar
pressure, reducing the proportion of
lung zone 3. In addition, the positive
pressure is transmitted to the central



FIGURE 2-16. An example of a high-fidelity left ventric-
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circulation, directly affecting right-sided
pressures and leading to an overestima-
tion of the PCWP. The extent to which
PEEP increases right-sided chamber pres-
sures is not predictable and depends
on such variables as compliance of the
cardiac chamber, chest wall and lung,
volume status, and existing filling pres-
sures. The general consensus is that
PEEP less than 10 cm H2O does not sig-
nificantly affect the PCWP. Still, debate
exists on methods to correct the PCWP
when PEEP exceeds 10 cm H2O. The
effect of PEEP on intrathoracic pressure
can be determined by subtracting the
esophageal pressure from the PCWP but
thismethod is not practical inmost coro-
nary care units or cardiac catheterization
laboratories. One suggested method for
correction is based on the observation
that PCWP rises 2–3 cm for every 5 cm
H2O increment in PEEP.8
ular pressure waveform. An a wave is present on this
tracing, which is not always seen on left ventricular pres-
sure waves, unless diminished compliance of the left
ventricle is present.
Left Ventricular Waveform
FIGURE 2-17. Marked elevation of the LVEDP (arrow) in
a patient with heart failure.
The normal left ventricular systolic pre-
ssure is 90–140 mmHg, and the normal
end-diastolic pressure is 10–16 mmHg.
The left ventricular waveform is charac-
terized by a very rapid upstroke during
ventricular contraction, reaching a peak
systolic pressure, and then the pressure
rapidly decays (Figure 2-16). The pressure
in early diastole is typically very low and
slowly rises during diastole. Abnormal-
ities in ventricular relaxation are apparent
when early diastolic pressure is high
and declines during diastole.10 Similar
to the right ventricular waveform, an a
wave may be seen in the left ventricular
tracing at end-diastole; however, this is
usually abnormal and implies a noncom-
pliant left ventricle. Left ventricular end-
diastolicpressure is definedas thepressure
just after the awave and before the abrupt
rise in systolic pressure coinciding with
ventricular ejection. However, identifica-
tion of the left ventricular end-diastolic
pressure (LVEDP) can sometimes be diffi-
cult. A late diastolic pressure rise may
become incorporated into the left ven-
tricular upstroke, obscuring the LVEDP
(Figure 2-17). Again, in the presence of
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large and prominent a waves, the pres-
sure just after the a wave represents the
LVEDP (Figure 2-18). Intrathoracic pres-
sure changes due to the respiratory phases
can also affect LVEDP, the pressure at
end-expiration (Figure 2-19).
FIGURE 2-18. Large a wave on left ventricular pressure
wave. When a large a wave is present, the LVEDP is iden-
tified as the pressure just after the a wave and before the
LV systolic pressure rise (arrow).

FIGURE 2-19. Marked respiratory variation on a left
ventricular pressure wave. The LVEDP should be measured
at end-expiration. In this case, the LVEDP is nearly
50 mmHg.
Central Aortic Pressure Waveform
The normal aortic systolic pressure is
90–140 mmHg, and the normal diastolic
pressure is 60–90 mmHg. Central aortic
waveforms have a rapid upstroke, a sys-
tolic peak, and a clearly defined dicrotic
notch due to closure of the aortic valve
during pressure decay (Figure 2-20).
The peak systolic pressure equals the
peak left ventricular systolic pressure,
unless there is obstruction within the
left ventricle, at the aortic valve, or
within the proximal aorta. An anacrotic
notch may be apparent during the sys-
tolic pressure rise (Figure 2-21), as a
FIGURE 2-20. An example of a normal, high-fidelity
aortic pressure waveform. Note the dicrotic notch (arrow).

FIGURE 2-21. This waveform demonstrates an example
of a prominent anacrotic ‘‘notch’’ or ‘‘shoulder’’ (arrow) in
a patient with severe aortic regurgitation. An anacrotic
notch may also be observed in patients with severe aortic
stenosis and indicates turbulence during ejection.
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result of turbulent flow during ejection,
and indicates an abnormality in the aor-
tic valve or proximal aorta.
The measured central aortic pressure

is composed of two components: the
pressure wave generated from forward
flow from left ventricular ejection and
the summation of pressure waves gener-
ated from ‘‘reflected’’ waves. Reflected
waves result because as blood is ejected
forward, it meets areas of resistance such
as branch points or tortuous vessels.
When the pressure wavefront strikes
these areas, additional pressure waves are
generated and directed back to the heart.
These pressure waves strike the aortic
valve, generating additional, forward-
directed, smaller pressure waves. There-
fore, the sampled pressure waveform
represents a summation of all of the
forward impulses.
This phenomenon is less apparent

when pressure is sampled closer to the
aortic valve. The effect increases further
from the aortic valve but is usually
negligible. Under some circumstances,
however, the reflected waves may be
of significant dimension. Factors that
increase the effect of reflected waves
include heart failure, aortic regurgita-
tion, systemic hypertension, increased
aortic stiffness from advanced age or
FIGURE 2-22. A, A simultaneous central aortic pressure and
aortic stenosis. Compared to the central aortic pressure, the fem
amplification with higher systolic pressure, and a ‘‘damped’’ ap
central aortic and radial artery pressure showing the typical ‘‘s
peripheral vascular disease, aortic or ilio-
femoral obstruction, or tortuosity and
arterial vasoconstriction. Factors asso-
ciated with diminished reflected waves
include vasodilation, hypovolemia, and
hypotension. The reflected wave is typi-
cally apparent late in the aortic wave-
form due to the time delay from its
generation to its summation with the
forward waves.
The effect of reflected waves is particu-

larly notable in peripheral arterial wave-
forms (brachial, femoral, and radial)
(Figure 2-22). Peak systolic press-
ure exceeds central aortic pressure by
10–20 mmHg due to peripheral amplifi-
cation from reflected waves. The contour
of the waveform changes further from
the aortic valve, with a steeper upstroke,
narrower systolic portion (spiked appear-
ance), and markedly diminished or
absent dicrotic notch.
Measurement of
Simultaneous Pressures in
Two or More Chambers
Cardiac catheterization protocols col-
lect simultaneous pressure in two
or more chambers for the purpose of
screening for several specific conditions.
femoral artery sheath pressure obtained in a patient with
oral artery pressure wave exhibits a time delay, peripheral
pearance with loss of the dicrotic notch. B, A simultaneous
piked’’ appearance of a peripheral waveform.



FIGURE 2-23. Simultaneous left and right ventricular
waveforms in a patient with heart failure and pulmonary
hypertension, showing the normal relationship between
the two chambers. The systolic pressures rise and
fall together during the respiratory cycle, and diastolic
pressures are more than 5 mmHg apart.
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Simultaneous left and right ventricular
pressures and simultaneous left ventric-
ular and PCWP recordings should be
obtained on all patients who undergo a
complete hemodynamic study that
involves a right and left heart catheteri-
zation. The purpose of these two man-
euvers is to screen for the presence of
occult restrictive/constrictive physiol-
ogy and mitral stenosis, respectively.
Additional simultaneous pressure mea-
surements include the collection of left
ventricular and either central aortic or
femoral arterial pressure when enter-
taining the diagnoses of aortic stenosis,
left ventricular outflow tract obstruc-
tion, or coarctation of the aorta, and
simultaneous right ventricular and pul-
monary artery pressures collected if there
is pulmonic valve or pulmonary artery
stenosis. Simultaneous left atrial and left
ventricular pressures are performed to
assess for mitral stenosis when a PCWP
is not adequate or possible.
Combination Left
Ventricular and Right
Ventricular Pressures
This maneuver is performed to screen
for the presence of restrictive or con-
strictive physiology and should be a part
of all complete, hemodynamic evalua-
tions. Fairly complex interactions occur
between the cardiac chambers, the peri-
cardium, and the intrathoracic cavity
during the respiratory cycle. In general,
in patients without constrictive physiol-
ogy, the net effect of these interactions
causes left and right ventricular diastolic
pressures to differ by at least 5 mmHg,
with variation during the respiratory
cycle. Peak systolic pressure changes
during inspiration and expiration in
the right and left ventricle parallel each
other (Figure 2-23). Abnormalities in
these relationships are observed in con-
strictive pericarditis and restrictive car-
diomyopathy. A detailed discussion of
these interactions and the hemody-
namic effects of pericardial and restric-
tive myocardial diseases is the subject
of Chapter 8.
The hemodynamic effect of conduc-

tion abnormalities is often reflected in
simultaneous right and left ventricular
pressure tracings. Normally, the right
ventricular waveform sits within the
confines of the left ventricular wave
(Figure 2-24, A). A right bundle branch
block delays right ventricular contrac-
tion relative to left ventricular contrac-
tion, resulting in a delay in the right
ventricular pressure wave and a shift to
the right (Figure 2-24, B). The opposite
occurs with a left bundle branch block
(Figure 2-24, C).
Combination Pulmonary
Capillary Wedge
(or Left Atrial) and Left
Ventricular Pressure
The purpose of this maneuver is to
screen for the presence of mitral valve
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FIGURE 2-24. Effect of conduction abnormalities on simultaneous right and left ventricular pressure waveforms.
A, Normally, the right ventricular pressure wave sits within the left ventricular pressure contour. B, In the presence of a
right bundle branch block, the right ventricular wave is shifted to the right. Note how a premature ventricular contraction
returns the right ventricular tracing to a more normal appearance. C, A left bundle branch block or intraventricular con-
duction delay interrupts left ventricular contraction relative to the right ventricle, causing the right ventricular waveform
to shift to the left.
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stenosis. In addition, simultaneous LV-
PCWP is needed to determine the mitral
valve orifice area in patients with known
mitral stenosis. Normally, no gradient
should exist between PCWP and LVEDP
(Figure 2-25). A small gradient may be dis-
cernible only early in diastole. The time
delay associated with the PCWP tracing
causes the a and v waves to appear later
in the left ventricular waveform. This
may be problematic if a large vwave exists,
because it may be confused with a diasto-
lic gradient (Figure 2-26). However, note
the location of the v wave on a true left
atrial waveform obtained by transseptal
catheterization (Figure 2-27). The true
position of the v wave as seen on the left
atrial waveform is during ventricular sys-
tole and the y descent correlates with the
decay in left ventricular pressure. Thus, if



FIGURE 2-26. Simultaneous left ventricular and pulmo-
nary capillary wedge pressure tracings obtained in a
patient with severe mitral regurgitation, demonstrating a
very large v wave. The time delay inherent to the wedge
pressure waveform suggests the presence of a mitral gra-
dient during diastole. Phase shifting the wedge tracing
to the left corrects this false gradient.

FIGURE 2-27. This simultaneous left ventricular and
left atrial pressure tracing was obtained in a patient with
significant mitral regurgitation using a transseptal ap-
proach to measure left atrial pressure. A prominent v wave
is apparent, but no mitral gradient is present. Note
the timing of the v wave on the left atrial pressure tracing
relative to the left ventricular pressure waveform. As
shown in Figure 2-26, the time delay inherent to PCWP
recordings causes the v wave of a PCWP to appear later
in diastole and may lead to a false diagnosis of a mitral
gradient.

FIGURE 2-25. Simultaneous left ventricular and PCWP
tracings obtained during a routine cardiac catheterization
protocol as a screening test for mitral stenosis. As shown
here, no pressure gradient normally exists late in diastole
between the two chambers.
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there is a large v wave on the PCWP,
the time delay can be corrected by
shifting the PCWP to the left, allowing
proper alignment with the left ventricular
waveform.
Combination Central Aorta
(or Femoral Artery) and Left
Ventricular Pressure
Simultaneous left ventricular and cen-
tral aortic pressures are recorded in cases
of known or suspected aortic stenosis
as a method of determining the trans-
valvular gradient necessary to estimate
valve area. Often, simultaneous left ven-
tricular and femoral arterial sheath pres-
sures are used for this purpose. However,
discrepancies between central aortic and
femoral arterial sheath pressures are
commonly observed (see Figure 2-22,
A). These include peripheral amplifica-
tion resulting in a higher sheath than
central aortic pressure, and peripheral
vascular disease, catheter thrombosis,
or kinking of the sheath resulting in
higher central aortic than sheath pres-
sure. Additional details regarding this
assessment will be provided in a later
chapter.
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Common Errors and Artifacts
Most errors in the collection and inter-
pretation of hemodynamic data are
related to one of the reasons listed in
Table 2-2. Erroneous data due to
an improper zero level or unbalanced
transducer might lead to patient mis-
management. With the commonly used
fluid-filled systems, artifacts and errors
may be caused by a small air bubble,
TABLE 2-2.
Common Sources of Error or
Inaccuracy in Hemodynamic
Assessment

1. Improper zero level or transducer balancing
2. Air bubbles, clots, or kinks in the system
3. Loose connections
4. Defective transducers
5. Tachycardia and loss of frequency response
6. Mechanical ventilators and excessive

intrathoracic pressure changes
7. Artifacts:

Over-damping
Overshoot or ‘‘ring’’ artifact
Catheter whip or ‘‘fling’’
Catheter entrapment
Hybrid waveforms

FIGURE 2-28. A, A damped aortic pressure waveform due to
has poor fidelity, a smooth appearance, and lacks a dicrotic n
offending air bubble, a high-fidelity tracing is apparent with r
kink, or blood clot anywhere along the
line from the catheter tip to the sensing
membrane. Similarly, a loose connec-
tion or stopcock can cause inaccuracy.
Transducers may be defective or poorly
calibrated, which should be considered
when there is difficulty maintaining
transducer balance or if the data obtained
appear inconsistent. The frequency res-
ponse of most clinically used systems
may be exceeded in the presence of
marked tachycardia, preventing the col-
lection of high-fidelity tracings. Mech-
anical ventilators and extreme changes
in intrathoracic pressure can make inter-
pretation difficult. Finally, several arti-
facts frequently thwart an unsuspecting
clinician.
Probably themost commonly observed

artifacts relate to an improper degree
of damping. The over-damped tracing
(Figure 2-28) indicates the presence of
excessive friction absorbing the force of
the pressure wave somewhere in the line
from the catheter tip to the transducer.
The tracing lacks proper fidelity and
the presence of an air bubble in the catheter. This tracing
otch. B, Following vigorous flushing and removal of the

eturn of a dicrotic notch.



FIGURE 2-29. ‘‘Ring’’ artifact is a very common artifact,
usually due to the presence of a small bubble somewhere
in the system between the catheter tip and the transducer.
The small bubble oscillates, causing the high-frequency,
spiked artifact shown here (arrow). This can usually be
corrected by flushing the catheter or introducing a filter.
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appears smooth and rounded because
of loss of frequency response. This will
result in loss of data and will falsely lower
peak pressures. Typically, the dicrotic
notch on the aortic or pulmonary artery
waveforms is absent, and the right atrial
or PCWP waveforms will lack distinct a
and vwaves. The diastolic pressure tracing
on an over-damped ventricular waveform
will be smooth, preventing recognition of
an a wave and making determination of
end-diastolic pressure difficult. This arti-
fact is usually caused by sloppy operators
or air bubbles in the tubing, catheter, or
transducer, or a loose connection any-
where in the system. The operator should
also be aware that a thrombus or kink in
the catheter may also cause this artifact
as well as the presence of high viscosity
radiographic contrast agents in the cathe-
ter. For the latter reason, hemodynamic
data should always be collected with
saline, and not contrast, in the catheter.

Under-damping causes overshoot or
ring artifact (Figures 2-29 and 2-30). This
artifact typically appears as one or more
narrow ‘‘spikes’’ overshooting the true
A B

FIGURE 2-30. A commonly seen ‘‘overshoot’’ artifact in a ri
(arrow) may provide the false impression that (B) the right ven
ing to an erroneous diagnosis of pulmonary artery or pulmon
pressure during the systolic pressure rise
with similar, negatively directed waves
overshooting the true pressure contour
during the downstroke. This artifact
may lead to overestimation of the peak
ght ventricular pressure tracing. A, The overshoot portion
tricular pressure exceeds pulmonary artery pressure, lead-
ic valve stenosis.
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pressure and underestimation of the
pressure nadir. Tiny air bubbles that
oscillate rapidly back and forth, trans-
mitting energy back to the transducer,
cause this artifact. Flushing the catheter
or transducer often corrects this artifact;
alternatively, introduction of a filter to
the hemodynamic system may be neces-
sary to eliminate this artifact. Figure 2-29
is an example of an overshoot artifact on
a right ventricular waveform, resulting in
a systolic pressure higher than the pulmo-
nary artery pressure. If unrecognized, this
might be falsely diagnosed as pulmonic
stenosis.
Related to overshoot or ring artifact is

catheter whip or fling artifact (Figure 2-31).
This artifact is created by acceleration of
the fluid within the catheter from rapid
catheter motion and is commonly seen
with balloon-tipped catheters in hyper-
dynamic hearts or balloon-tipped cathe-
ters placed in the pulmonary artery with
extraneous loops. Similar to ring artifact,
catheter whip causes overestimation of
the systolic pressure and underestimation
of the diastolic pressure. This artifact is
difficult to remedy; eliminating the extra
loops or deflation of the balloon can
improve the appearance and limit this
artifact.
Catheter malposition creates several

interesting artifacts. Catheter entrapment
artifact is sometimes observed, particu-
larly when measuring left ventricular
pressure with an end-hole catheter. Car-
diac catheterization in patients with hy-
pertrophic obstructive cardiomyopathy
entails a search for an intraventricular
pressure gradient. An end-hole catheter
allows the operator to determine the
precise location of a pressure gradient.
Unfortunately, during these efforts the
tip of the catheter may become buried
or ‘‘entrapped’’ within the hypertro-
phied myocardium and reflect intramu-
ral rather than intracavitary pressure.
The resulting bizarre, spiked appearance
to the left ventricular waveformmay lead
to a false diagnosis of a left ventricular
outflow tract gradient (Figure 2-32).
A hybrid tracing results when the sampled
pressure represents a mixture of the
waveforms from more than one cardiac
chamber. Hybrid tracings are observed
in two common clinical scenarios. In
one scenario, a catheter such as a pigtail
catheter, consisting of multiple side-
holes, straddles two cardiac chambers.
The pressure waveform conveyed to the
transducer contains pressure elements
from each chamber. For example, a pig-
tailmay be improperly positionedwithin
the left ventricle with side-holes lying
above and below the aortic valve. The
pressure waveformwill contain both aor-
tic and left ventricular pressure wave-
form elements, creating a hybrid of both
chambers (Figure 2-33). Hybrid tracings
may also be observed during attempts at
obtaining a PCWP, particularly if there is
pulmonary hypertension. In this case,
the catheter may not completely occlude
the pulmonary artery resulting in only
partial wedging. The resulting waveform
represents a mixture of a pulmonary
artery and pulmonary capillary wave-
forms falsely elevating the wedge pres-
sure. This artifact may be responsible for
a false diagnosis of heart failure or mitral
stenosis in patients with pulmonary
hypertension. It may be difficult to detect
because characteristic a and v waves may
be observed (Figure 2-34). Confirmation
of the PCWP position will require mea-
surement of blood oximetry in such cases.
Finally, catheter malposition against a

heart valve or wall of a blood vessel or
cardiac chamber may create damping
of the waveform when the catheter tip
lies against a chamber wall (usually a
low pressure chamber such as the right
atrium) or a ‘‘spike’’ artifact when the
catheter tip strikes a heart valve.
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FIGURE 2-31. Catheter ‘‘fling’’ or ‘‘whip’’ is another common artifact usually seen in the pulmonary artery pressure
waveform in patients with hyperdynamic hearts. In this case, (A) a pulmonary artery pressure waveform was nearly
unrecognizable due to (B) excessive catheter whip from a prominent loop in the right atrium. C, Removal of the loop
improved the appearance of the waveform, but (D) overshoot artifact remained. E, Addition of a filter resulted in further
improvement in the appearance of the waveform.
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Post-PVC beat

FIGURE 2-32. Catheter entrap-
ment artifact in a patient with
marked left ventricular hypertro-
phy undergoing catheterization to
determine the presence of a left
ventricular outflow tract gradient.
Note that the beginning phase of
ventricular systole in the post-PVC
beat appears similar to other beats
but is then followed by a bizarre,
spiked deflection representing intra-
myocardial pressure due to catheter
entrapment.

FIGURE 2-33. A hybrid waveform obtained from a pig-
tail catheter placed in the left ventricle. Some of the side-
holes of the catheter are in the aorta, causing this peculiar
waveform. More subtle versions of this artifact may not
be recognized and lead the observer to falsely assume
elevation of the LVEDP.
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FIGURE 2-34. Hybrid tracings are very common during attempts to measure PCWP. In this example, elevated pulmo-
nary artery pressure is present and measures 61/30 mmHg. A, With a balloon flotation catheter, the ‘‘wedge’’ pressure
reveals distinct a and v waves and suggests the presence of a mitral valve gradient. However, the oxygen saturation from
blood withdrawn from the catheter tip measures 72%. B, With the catheter positioned more distally, a better PCWP
tracing is obtained with an oxygen saturation of 95%, thus confirming a true ‘‘wedge’’ position and absence of a mitral
valve gradient.
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CH A P T E R 3

Cardiac Outputs
and Shunts
VISHAL ARORA, MD
We take for granted the relative ease
that we are now able to measure the
rate that the heart pumps blood, better
known as the cardiac output. This was
not always the case. Although Adolph
Fick described the theoretical basis for
cardiac output determination in man in
1870, more than 60 years elapsed before
clinical application became possible.
André Cournand1 described the first set
of cardiac output measurements in man
in 1945 and noted:

The practical difficulty preventing the ready
application of this (i.e., Fick’s) principle in
human subjects has been that of obtaining
reliable samples of average or mixed venous
blood. With the development of the
technique of catheterization of the right
heart, this difficulty has been largely
overcome, and the experience of the last 3
years has led to a procedure for determining
cardiac output in man which can be used in
almost all forms of disease or injury, with
safety and without discomfort to the patient
beyond that attendant upon the insertion of
a needle in the femoral artery, and cutting
down on a median basilic vein both under
novocaine anesthesia.

Currently, determination of cardiac
output and the calculation of the magni-
tude of an intracardiac shunt are routine
and integral parts of cardiac catheteri-
zation. The performance of these mea-
surements, their limitations, and their
role in modern catheterization will be
discussed.
38
Measurement of Cardiac
Output
Cardiac output can be determined by
one of several techniques: Fick method,
indicator-dilution method, thermodilu-
tion method, and angiography. Clinical
catheterization laboratories and intensive
care units rely primarily on the Fick and
thermodilution methods. Cardiac output
is expressed in liters/minute and is often
corrected for patient size by dividing
by the body surface area converting
the measurement to the cardiac index in
units of liters/minute/meter2. The normal
cardiac output at rest is 5–8 L/min, and
the normal value for resting cardiac index
is >2.4 L/min/m2. With exercise, cardiac
output increases substantially; elite ath-
letes achieve cardiac outputs in excess of
30 L/min.
Fick Method for Cardiac Output
Determination
Adolph Fick described the theoretical
basis for cardiac output determination
in 1870. Fick’s principle states that the
total uptake or release of a substance by
an organ is the product of the blood flow
to the organ and the arteriovenous concen-
tration difference of the substance. Using
the lungs as the organ and oxygen as
the substance, blood flow to the lungs
can be calculated by Fick’s relationship,
as follows:

Pulmonary blood flow ¼
Oxygen consumption

Arteriovenous oxygen difference

In the absence of a shunt, because pul-

monary blood flow equals systemic
blood flow, the relationship can be used
to calculate systemic output. The arterio-
venous oxygen difference is the differ-
ence in oxygen content in the blood
across the pulmonary circulation and is
calculated as the arterial oxygen content
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minus the mixed venous oxygen con-
tent. Oxygen content is determined as
the product of blood oxygen saturation,
the hemoglobin concentration (in gram
per deciliter), and the amount of oxy-
gen carried per gram of hemoglobin
(1.36 mL oxygen per gram of hemoglo-
bin). This value is multiplied by 10 to
correct the units. Thus, Fick’s formula
for determining cardiac output is
Cardiac output ¼
Oxygen consumption

ðArterial saturation�Mixed venous
saturationÞ�ðHgbÞ � 13:6

Fick’s principle states that the arterio-
venous oxygen (AV-O2) difference is

inversely proportional to the cardiac out-
put. A normal AV-O2 difference is about
20–50 mL/L. At low cardiac outputs,
greater extraction of oxygen is present
from the tissues and the mixed venous
saturation is low, resulting in a high AV-
O2 difference. With high-output states,
rapid extraction leads to high mixed
venous saturations and low AV-O2 differ-
ence. Note that the mixed venous satu-
ration alone is a crude estimation of
the cardiac output, with a low saturation
indicating a low output and a high satu-
ration indicating a high output. Further-
more, when cardiac output is low, AV-O2

difference is large, making it easier to
measure and therefore making it a more
accurate method at low cardiac outputs.

The important variables measured in
the cardiac catheterization laboratory are
AV-O2 content difference and the oxy-
gen consumption. The AV-O2 content
difference is easily and accurately mea-
sured by simultaneously obtaining sys-
temic arterial and mixed venous blood
samples. Ideally, the arterial blood sam-
ple should be obtained from the pul-
monary veins; however, in the absence
of a right-to-left intracardiac shunt the
central aortic, femoral, or radial artery
oxygen content closely approximates
pulmonary vein oxygen content. The
pulmonary artery is the most reliable site
for obtaining mixed venous blood as
opposed to other proximal sites such as
vena cava, right atrium, or right ventri-
cle, where there may be significant vari-
ation in blood oxygen content within
the chamber. Of course, this assumes the
absence of an intracardiac shunt. These
blood samples are analyzed for the per-
cent oxygen saturation. To determine
oxygen content, the AV-O2 difference is
multiplied by the measured hemoglobin,
which is then multiplied by the oxygen-
binding coefficient (1.36 mL O2/g of he-
moglobin). The product is multiplied by
10 to convert units from grams/deciliter
to grams/liter.
The other important measurement

used to calculate the cardiac output by
Fick’s method is the oxygen consump-
tion. At steady state, oxygen con-
sumption is the rate at which oxygen is
taken up by the blood from the lungs
and should ideally be measured directly
in the catheterization laboratory. Various
commercial systems are available and
typically use a tight-fitting gas exchange
mask that collects and measures the
oxygen content of expired air. Measure-
ment of oxygen consumption requires a
steady state environment, cooperation of
the patient, and technical personnel who
are familiar and experienced with the
equipment and methodology. This
method is time-consuming and cumber-
some and is rarely used clinically in the
current era. Most catheterization labora-
tories use an ‘‘assumed’’ value for oxygen
consumption based on the patient’s age,
gender, and body surface area. The
assumed value is typically 125 mL/min/
m2 for average individuals and 110 mL/
min/m2 for elderly patients. Clearly, the
obvious differences among patients who
undergo cardiac catheterization would
likely make these estimates inaccurate.
Oxygen consumption varies greatly
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among adults at the time of cardiac
catheterization, with large discrepancies
between direct measurement of oxygen
consumption and the assumed values.2,3

Although use of the ‘‘assumed’’ rather
than the directly measured O2 con-
sumption is the major source of error
in the Fick method, additional errors
may be introduced because of improper
collection of the mixed venous or arte-
rial blood samples. Ideally, these blood
samples should be collected simulta-
neously in a steady state environment.
Errors may be present if, for instance,
arterial blood is sampled early in the
case and mixed venous blood is sampled
at a later time in the procedure, when
the patient may become oversedated,
thereby causing the patient to hypo-
ventilate and resulting in the lowering
of the mixed venous oxygen content,
falsely implying a lower cardiac output.
In addition, care should be taken to
ensure that the mixed venous sample is
obtained from the pulmonary artery
and that the pulmonary artery catheter
has not migrated to a ‘‘wedge’’ position
Body surface area  
Hemoglobin 
Mixed venous saturation 
Aortic saturation 
Oxygen consumption (assu

(125

(0.
Cardiac output (L/min) � 
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Fick’s formula:
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Where:
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FIGURE 3-1. Example of the Fick method used to calculat
breath. Note how the assumed O2 consumption is multiplied
that will falsely elevate the oxygen satu-
ration. When the Fick method is per-
formed correctly, the total error in
determination of the cardiac output is
about 10%.4 Figure 3-1 shows an exam-
ple of Fick’s method for cardiac output
calculation.
Indicator-Dilution Method for
Cardiac Output Determination
Also based on Fick’s principle, the car-
diac output can be derived by studying
the flow characteristics of an indicator
substance. Upon injection of a substance
into the circulation, the rate at which
the indicator appears and disappears
from a downstream point correlates
directly with the cardiac output. For
example, if the cardiac output is high,
the indicator will rapidly appear and
quickly wash out; if the cardiac output
is low, the indicator will require a longer
time to achieve its maximal concentra-
tion and a longer time to wash out.
Therefore, the area under the time-
concentration curve is related inversely
   2.0 m2

   15 gm/dL
   60%
   99%
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e cardiac output in a 61-year-old man with shortness of
by the body surface area.
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to the cardiac output. The Stewart-Hamil-
ton formula for calculation of cardiac out-
put takes into account the mean
concentration of the indicator during the
first passage and the duration of the extra-
polated curve:

Cardiac output ðL=minÞ ¼
Amount of indicator in mg � 60 sec=min

Concentration of indicator ðmg=mLÞ�
curve duration ðsecÞ

Performance of this technique in-
volves injection of a bolus of indicator

into a systemic vein, the pulmonary
artery, or the left atrium. The indicator
mixes with the blood and its concen-
tration is measured continuously as a
function of time at a sampling site
(generally, the aorta, radial, or femoral
artery). Numerous indicators have been
used, with indocyanine green dye repre-
senting the most commonly used indi-
cator. The normal curve generated with
this method has an initial rapid upstroke
followed by slower downstroke and con-
tinued appearance due to recirculation
of the tracer. This recirculation creates
some uncertainty at the tail end of the
curve, and extrapolation of the curve is
necessary to correct for this distortion.
The downslope of the primary curve is
projected to the baseline to exclude indi-
cator recirculation. Planimetry of the
area under the curve yields the cardiac
output.

This method has several limitations.
Indocyanine green dye is unstable over
time and can be affected by light. The
indicator must mix well with blood
before reaching the distal sampling site,
and it must have an exponential decay
over time so that extrapolation of the
time/concentration curve can be accu-
rately performed. This technique is not
accurate in the presence of irregular
rhythms, valvular regurgitation, or
intracardiac shunts. Importantly, this
method is inaccurate in low output
states in which the washout of the indi-
cator is prolonged. In these cases, recir-
culation of the indicator begins well
before an adequate decline in the indi-
cator curve occurs, distorting the down-
slope of the curve before it reaches
baseline and preventing correction for
recirculation. When indicator-dilution
measurements are compared with the
Fick method, the disparity between the
two measurements is increased in
patients with low cardiac output and
those with aortic and mitral regurgita-
tion.5 The disparity between the Fick
method and indicator-dilution measure-
ments is greater than the disparity
between Fick and thermodilution mea-
surements.5 This technique has essen-
tially been abandoned by clinicians
and is primarily of historical interest.
Thermodilution Method for Cardiac
Output Determination
Fegler6 described the thermodilution
method in 1954. This method is the
easiest to perform and the most widely
used method to measure cardiac output
in catheterization laboratories and criti-
cal care units.
The thermodilution technique is a

variation of the indicator-dilution tech-
nique, using blood temperature as the
indicator. Saline at a known temperature
is injected into the right atrium from
the proximal port of a Swan-Ganz cath-
eter. The saline mixes with blood and
lowers its temperature. The temperature
of blood is measured in the pulmonary
artery by a thermistor mounted on the
distal tip of the catheter. The thermis-
tor is a variable resistor in which the
resistance is proportional to the tem-
perature. As the resistance changes, a
change in voltage occurs. The measured
change in voltage over time generates a
temperature curve that is related to the
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cardiac output. Similar to the indicator-
dilution method, cardiac output is in-
versely related to the area under the
time-temperature curve. If the area under
the curve is small, this means the tem-
perature equilibrates rapidly with the
ambient body temperature, indicating
a high cardiac output. Conversely, if
the area under the curve is large, it takes
longer for the blood temperature to reach
ambient body temperature, implying
low cardiac output. The cardiac output
is calculated using an equation that takes
into account the temperature and spe-
cific gravity of injectate and blood and
the injectate volume.
The thermodilution method is prefer-

able to the indicator-dilution method
because right-sided injection and right-
sided sampling of the cold saline yields
a curve that is less subject to recircula-
tion-induced distortion than right-sided
injection and left-sided sampling of
indocyanine dye. Examples of a mod-
ern, computer-based system to measure
cardiac output by thermodilution tech-
nique are shown in Figures 3-2 and 3-3.
Note that the temperature plotted on
the y axis decreases as the saline bolus
FIGURE 3-2. Thermodilution curves obtained from a patient
on the y axis. In this case, the cardiac output measured 5.81 L
passes the thermistor on the pulmonary
artery catheter. The curve of a patient
with normal output shows a rapid drop
in temperature, whereas patients with
low output have a much slower drop in
temperature.
Thermodilution cardiac output is very

simple to perform, but several potential
sources of error exist. After attaching
the Swan-Ganz catheter to the measur-
ing computer, the operator rapidly
injects a 10-mL bolus of saline into the
right atrium via the proximal port of
the catheter. No infusions should be
entering the right atrium from large
peripheral or central lines. Ideally, the
same amount of injectate at the same
temperature should be used each time.
Therefore, the operator must take great
care to rapidly deliver eachbolus, at a con-
stant rate and with minimal contact with
the syringe barrel to prevent warming
and introduction of saline with widely
varying temperatures with each injec-
tion. Using iced saline is not an ad-
vantage. The use of a dual thermistor
catheter (located at both proximal and
distal ports) improves the precision
and accuracy of this technique.7 While
with a normal cardiac output. The temperature is plotted
/min.



FIGURE 3-3. Thermodilution curves obtained in a patient with a profoundly depressed cardiac output from cardiogenic
shock due to pump failure. Note the flattened shape of the curve compared to the normal curves obtained in Figure 3-2.
The decrease in temperature over time isminimal because of slow flow. In this case, the cardiac outputmeasured 3.18 L/min.
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measuring cardiac output, the patient
should be resting quietly without talking,
laughing, or coughing because these will
vary thoracic temperature and affect the
measurement. The distal catheter tip
should be in a stable position in the pul-
monary artery, with avoidance of the
‘‘wedge’’ position. All redundancy or coil-
ing of the catheter in the right atrium or
right ventricle should be removed. Rou-
tinely, three to five cardiac output mea-
surements are obtained and averaged.
If wide variation in measured values
occurs, numerous additional samples
should be obtained and averaged.

The thermodilution method is in-
accurate in the presence of intracardiac
shunts, low flow states, marked respira-
tory variation, or cardiac arrhythmia.
This method is likely inaccurate in
severe tricuspid regurgitation because
of the unpredictable mixing and loss
of heat with regurgitation; however,
studies have shown conflicting results
regarding its accuracy in this condition
when compared to other techniques.8–10

In low cardiac output states, the ther-
modilution method overestimates car-
diac output when compared to the Fick
method. This overestimation is greatest
(average difference of 35%) in patients
with Fick cardiac outputs <2.5 L/min.11
Angiographic Method for Cardiac
Output Determination
Cardiac output equals the product of
stroke volume and heart rate. Left ven-
triculography can provide an estimation
of stroke volume by tracing the contours
of a high-quality ventriculogram and
calculating the end-diastolic and end-
systolic volumes. Stroke volume repre-
sents the difference between these
values and is simply multiplied by the
heart rate at the time of the ventriculo-
gram. Obviously, this method is fraught
with inaccuracies because of the inher-
ent errors of calibrating chamber
volumes by ventriculography and is par-
ticularly inaccurate in patients with
valvular regurgitation and irregular
heart rhythms, such as atrial fibrillation.
This method is rarely used clinically.
Calculation of Shunts
In the absence of a shunt, blood flow
through the pulmonary and systemic
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circulations is equal. The presence of an
abnormal communication between
intracardiac chambers results in shunt-
ing of blood either from the systemic
to the pulmonary circulation (left-to-
right shunt), the pulmonary to the sys-
temic circulation (right-to-left shunt), or
in both directions (bidirectional shunt).
An intracardiac shunt is most commonly
due to congenital heart disease, such
as an atrial septal defect (ASD), ventricu-
lar septal defect (VSD), or patent ductus
arteriosus (PDA). Shunts can also be
acquired conditions—for example, as
from an iatrogenic, a postsurgical fistula,
or a postmyocardial infarction rupture
of the interventricular septum.
Screening for Intracardiac Shunts
and Performance of a ‘‘Shunt Run’’
All routine right-heart catheterization
procedures screen for the presence of
a left-to-right shunt by measuring the
oxygen saturation of blood from the
pulmonary artery. Normally, pulmonary
artery blood saturation should not
exceed 75%; higher values indicate
either a high cardiac output or a left-to-
right shunt. Some variability in oxygen
content in healthy people is observed if
multiple samples are obtained from
any particular chamber. For instance,
the right atrium receives blood from
the superior vena cava (SVC), the infe-
rior vena cava (IVC), and the coronary
sinus, all of which have varying degrees
of oxygen saturation. Similarly, coro-
nary venous blood, with its very low
oxygen content, may directly enter the
right ventricle by the Thebesian vessels.
Therefore, oxygen saturation measured
in blood samples obtained from the
right atrium or right ventricle will vary
depending on where blood is collected
in this chamber relative to these sources.
A significant step-up is defined as one
that exceeds the normal variability.
Generally accepted criteria for a signifi-
cant shunt are a mean absolute differ-
ence >7% at the atrial level and mean
absolute difference >5% at the ventricu-
lar and great vessel levels.12

A better method of screening for a
left-to-right shunt is to measure oxygen
saturation in blood samples obtained
from the SVC and the pulmonary artery.
Again, these should be within 7% of
each other; a variance of more than this
indicates a left-to-right shunt, and a dif-
ference in oxygen saturation between
these two samples of >9% provides
excellent sensitivity, specificity, and pre-
dictive accuracy for identifying a large
left-to-right shunt.13 A right-to-left
shunt is present when oxygen desatura-
tion is discovered in arterial blood that
does not correct with administration of
100% oxygen.
A full oxygen saturation run should be

performed when an intracardiac shunt is
suggested by the shunt screen or in cases
of known or suspected shunts. A com-
plete oximetry run involves obtaining
samples in heparinized syringes from
multiple levels within the heart (Figure 3-
4). These include samples obtained from
the left and right pulmonary artery; the
main pulmonary artery; the midcavity
of the right ventricle and right ventricu-
lar outflow and inflow tracts; the low,
middle, and high right atrium; the low
and high SVC; the low and high IVC;
the left ventricle; and the distal aorta.
The IVC saturation varies depending on
where the sample is obtained, and the
sampling site should be at the level of
the diaphragm to ensure that hepatic
venous blood is taken into account.
If an ASD is discovered, the catheter
should be placed across the atrial septum
and a blood sample measured from both
the left atrium and the pulmonary veins.
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FIGURE 3-4. Locations for blood sampling when performing a complete saturation run. A, Various cardiac chambers.
B, Optimal sites marked by an x. AO, Aorta; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; PA, pulmonary artery;
PV, pulmonary vein; RA, right atrium; RV, right ventricle; SVC, superior vena cava.
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The typical catheter position across the
atrial septum is confirmed by the catheter
lying across the midline in the anteropos-
terior projection. Further confirmation
can be obtained by the presence of a left
atrial waveform and by obtaining an oxy-
gen saturation exceeding 90%. These mul-
tiple samples allowaprecisedetermination
of the location of the anatomic shunt by
identifying the site of the oxygen step-up
within the heart. For example, if there is
an isolated step-up in the low SVC or in
the high right atrium, anomalous pulmo-
nary venous drainage commonly asso-
ciated with a sinus venosus ASD can be
diagnosed.

Importantly, a shunt run should be per-
formed in an expeditious manner, with
all samples obtained quickly to ensure
maintenance of a steady state; the entire
oximetry run should take less than 7min-
utes. Samples should be acquired with
the patient breathing room air or venti-
lated with less than 30% oxygen using
an end-hole catheter with its position
confirmed by pressure waveforms and
fluoroscopy.
Calculation of Shunt Size
The magnitude of a shunt can be ex-
pressed in terms of either absolute blood
flow in liters/minute or, more com-
monly, a ratio of the pulmonary blood
flow to systemic blood flow. A left-to-
right shunt will cause an increase in the
pulmonary blood flow relative to the
systemic blood flow, whereas a right-to-
left shunt causes increased systemic
blood flow relative to pulmonary blood
flow. Shunt-size calculation is based on
the individual determination of sys-
temic and pulmonary blood flow using
Fick’s principle, as described earlier.
Therefore, systemic blood flow, or Qs,
is determined, as follows:

Qs ¼ Oxygen consumption

ðArteriovenous oxygen content
difference across the bodyÞ

The arteriovenous oxygen content dif-

ference across the body is first determined
by measuring the oxygen saturation of
aortic blood and subtracting the oxygen
saturation of mixed venous blood. This
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value is then multiplied by the hemo-
globin concentration, the amount of
oxygen carried per gram of hemoglobin
(1.36), and the number 10 to correct
the units.
Importantly, in the presence of a left-

to-right shunt, pulmonary artery blood
does not represent mixed venous blood.
The appropriate cardiac chamber that
represents mixed venous blood depends
on the location of the shunt. One
method is to simply choose the chamber
proximal to the shunt. For example, the
right atrium can be sampled if there is a
ventricular septal defect. This becomes
more difficult if the shunt is located at
the level of the right atrium (i.e., an ASD
or anomalous pulmonary venous return).
In these situations, both the SVC and the
IVC sources are taken into account, as
described by the Flamm14 formula:

Mixed venous oxygen content ¼
3ðSV CO2 contentÞ þ 1ðIV CO2 contentÞ

4

Similar to systemic blood flow, pul-

monary blood flow, or Qp, can be deter-
mined by the relationship:

Qs ¼ Oxygen consumption

ðArteriovenous oxygen content
difference across the lungÞ

The arteriovenous oxygen content

difference across the lung is determined
by measuring the oxygen saturation of
blood in the pulmonary vein and sub-
tracting the oxygen saturation of pul-
monary artery blood. This value is then
multiplied by the hemoglobin concen-
tration, the amount of oxygen carried
per gram of hemoglobin (1.36), and
the number 10 to correct the units.
In the case of a left-to-right shunt, once

pulmonary and systemic blood flows are
calculated, shunt flow can be determined
by the relationship, as follows:
Pulmonary blood flow ðQpÞ ¼
Systemic blood flow ðQsÞ þ
left-to-right shunt flow

In the case of right-to-left shunt:

Systemic blood flow ðQsÞ ¼
Pulmonary blood flow ðQpÞ þ

right-to-left shunt flow

Determination of the absolute flow

rates for pulmonary and systemic blood
flow is important for calculation of pul-
monary vascular and systemic vascular
resistances. However, in most cases, the
ratio Qp/Qs is used to determine the sig-
nificance of the shunt. This ratio can
be easily calculated by combining the
equations for systemic and pulmonary
flow equations and canceling all of the
common terms (oxygen consumption,
hemoglobin, and oxygen carrying capac-
ity), as follows:

Qp ¼ O2 consumption=
ðpulmonary venous oxygen content
�pulmonary arterial oxygen contentÞ

Qs ¼ O2 consumption=
ðarterial oxygen content
� mixed venous oxygen contentÞ

Or, more simply,
Qp ¼ Systemic arterial saturation
� mixed venous saturation

Qs ¼ Pulmonary venous saturation
� pulmonary arterial saturation
The minimal detectable shunt by oxy-
gen saturation method is a Qp/Qs ratio
of 1.3 to 1. A Qp/Qs between 1.0 and
1.5 indicates a small left-to-right shunt,
and a Qp/Qs >2.0 indicates a large left-
to-right shunt. A Qp/Qs <1.0 indicates a
net right-to-left shunt, as is seen in tetral-
ogy of Fallot. An example of a calculation
of the size of a left-to-right shunt is
shown in Figure 3-5.



Hemoglobin (Hgb)   12 gm/dL 

Body surface area (BSA) 1.8 m2

O2 consumption               125 mL/min/m2

Oximetry Data:

Superior vena cava (SVC)            69%

Inferior vena cava (IVC)  73%

Low right atrium  79%

Mid right atrium  91%

High right atrium  69%

Right ventricle  93%

Left atrium (LA)  98%

Pulmonary vein (PV)  98%

Pulmonary artery (PA)  90%

Aorta (AO)  98%

Step 1: Determine mixed 
venous saturation

Step 2: Calculate pulmonary 
blood flow (Qp)

Step 3: Calculate systemic 
blood flow (Qs)

Step 4: Calculate shunt flow

Step 5: Determine Qp/Qs

A

  3(SVC) � (IVC)       3(.69) � (.73)  
               4                            4

Step 1: Determine mixed venous saturation:

Mixed venous saturation

O2 consumption � BSA 
(PV sat – PA sat)(Hgb)(13.6)

Step 2: Calculate pulmonary blood flow (Qp)

Qp
225

(.98 –.90)(12)(13.6)
�  17.2 L/min� �

�  0.70� �

O2 consumption � BSA 
(AO sat – MV sat)(Hgb)(13.6)

Step 3: Calculate systemic blood flow (Qs)

Qs
225

(.98 –.70)(12)(13.6)
� � �  4.9 L/min

B

Step 4: Calculate shunt flow

Shunt flow � Qp – Qs � 17.2 – 4.9 � 12.3 L/min

Shunt ratio � Qp/Qs � 17.2/4.9 � 3.5 to 1

Step 5: Determine Qp/Qs using simplified formula

Qp                            28
Qs                                 8� � � 3.5 to 1

(AO sat – MV sat)
(PV sat – PA sat)

C

FIGURE 3-5. Example of the calculation of the magnitude of a left-to-right shunt in a 42-year-old woman with a secundum atrial septal defect. A, The raw data for the
calculations. B and C, Calculations.
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Several limitations of the oximetric
technique exist for quantifying a shunt.
Measurement of oxygen saturation does
not account for the dissolved form of
oxygen. If, for example, a patient is
mechanically ventilated with high frac-
tions of inspired oxygen (>30%), a sig-
nificant amount of oxygen may be
present in dissolved form in the pulmo-
nary venous sample, and saturation data
may not provide accurate information
regarding pulmonary blood flow for
shunt calculation. The detection of a
shunt by oximetry is dependent on the
rate of systemic blood flow. For exam-
ple, high systemic flow equalizes arterio-
venous oxygen difference across the
systemic bed, leading to higher mixed
venous oxygen saturation. In this case,
even a small increase in right heart oxy-
gen measurements will indicate a signif-
icant left-to-right shunt. On the other
hand, if systemic blood flow is reduced,
the level of mixed venous oxygen satu-
ration is low, and a larger increase must
be detected to determine a significant
left-to-right shunt.12 Oximetrically der-
ived Qp/Qs is subject to substantial
intrapatient variability.15 Small differ-
ences in pulmonary arterial saturations,
for example, produce a substantial dif-
ference in the arteriovenous oxygen
content difference across the lungs,
which, in turn, lead to a sizable differ-
ence in calculated pulmonary blood
flows and Qp/Qs ratios. The variability
in Qp/Qs is greatly diminished by tak-
ing multiple blood samples from each
chamber and averaging them before cal-
culating the Qp/Qs.16 Finally, the degree
of shunting may vary. For example, the
volume of blood shunting with an ASD
depends not only on the size of the
defect but also on the compliance of
the left and right ventricles and is there-
fore subject to sympathetic tone and
preload and afterload conditions.
Indicator-Dilution Method of Shunt
Detection and Calculation
The indicator-dilution, or dye curve,
method is a sensitive and accurate
method for the detection and quantita-
tion of intracardiac shunts, but this
technique is time-consuming and cum-
bersome to perform and no longer
routinely used for this purpose. An indi-
cator (indocyanine green dye) is
injected into a proximal chamber and a
sample is taken from a distal chamber.
Using a densitometer, the density of
dye is displayed over time. To detect a
left-to-right shunt, dye is injected into
the pulmonary artery and sampling is
performed in a systemic artery. The pres-
ence of a shunt is indicated by early
recirculation of the dye noted on the
downslope of the curve as a secondary
rise in concentration. To detect a right-
to-left shunt, dye is injected into the
right side of the heart proximal to the
location of the suspected shunt and
blood samples obtained from a systemic
artery. A right-to-left shunt is revealed
by a distinct, early peak present on
the upslope of the curve. The indicator-
dilution method is more sensitive than
the oximetric method in the detection
of small shunts, but it cannot localize
the shunt. Overall, the consensus is
favorable between the two methods,
especially concerning the pulmonary-
to-systemic flow ratios.17
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Mitral Valve
Disorders
MICHAEL RAGOSTA, MD
Disorders of themitral valve constitute
a significant proportion of heart dis-
ease with a prevalence of 1%–2% among
persons ages 26–84.1 The decreasing inci-
dence of rheumatic heart disease has
made mitral stenosis increasingly rare,
making mitral valve regurgitation the
most common cause of mitral valve dis-
ease seen in the United States today. The
hemodynamic abnormalities associated
with both of these conditions provide
interesting and significant challenges
to physicians and will be discussed in
the chapter.
Mitral Stenosis
Rheumatic heart disease is the most
common cause of mitral stenosis; other
etiologies are rare (Table 4-1). Although
rheumatic heart disease has decreased
dramatically in the United States, it
continues to affect populations with sub-
standard medical care, including Mexi-
can Americans, Native Americans, and
immigrants from developing nations.
Pathologically, rheumatic mitral stenosis
results from several mechanisms, includ-
ing commissural fusion, cuspal fibrosis
and thickening, and chordal fusion and
thickening (Figure 4-1).2

The unobstructed, normal mitral
valve orifice area measures approxi-
mately 4 cm2. Symptoms become appar-
ent when the valve area falls below
2 cm2, and stenosis is deemed critical
when valve area measures less than
1.0 cm2. The natural history of mitral
50
stenosis is characterized by a long latent
period lasting many years, with patients
experiencing either no orminimal symp-
toms.2 Symptoms may arise insidiously
over many years, leading to progressive
disability from dyspnea or fatigue. Alter-
natively, a patient may experience the
abrupt onset of symptoms from either
the development of rapid atrial fibri-
llation or acute volume overload. Impor-
tant complications that arise from the
natural history of mitral stenosis include
atrial fibrillation, cerebral and peripheral
embolic events, hemoptysis, pulmonary
hemorrhage, pulmonary hypertension
and right-sided heart failure, endocar-
ditis, and increased predisposition to
infections.
Pathophysiology of Mitral Stenosis
Obstruction of the mitral valve causes
a pressure gradient between the left
atrium and left ventricle. The presence
of this pressure gradient throughout
diastole defines the hemodynamic hall-
mark of significant mitral valve stenosis.
Very mild degrees of mitral stenosis
have either an undetectable or very
small diastolic gradient. With progres-
sive narrowing of the mitral valve, left
atrial pressure rises and the gradient
becomes more pronounced. In addition
to elevating left atrial pressure, incomp-
lete emptying of the left atrium impairs
filling of the left ventricle and dimini-
shes cardiac output.
Because the left atrium is in series with

the pulmonary circulation, elevated left
atrial pressure passively elevates pressure
in the pulmonary veins and arteries.
Early in the course of the disease, pulmo-
nary vascular resistance is normal with
little effect on the right heart. As the con-
dition progresses and becomes more
chronic, the pulmonary artery pressures
rise further. Pulmonary hypertension is
due initially to reactive changes in the



TABLE 4-1. Causes of Mitral Valve Stenosis

Rheumatic heart disease
Mitral annular calcification
Congenital mitral stenosis
Lupus
Infective endocarditis/vegetation
Carcinoid
Rheumatoid arthritis
Methylsergide therapy
Radiation-induced valve disease
Prosthetic mitral valve dysfunction
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pulmonary arteriolar bed and is revers-
ible. Marked pulmonary hypertension
may result and reach systemic levels,
obstructing blood flow through the
lungs (the ‘‘second’’ stenosis ofmitral ste-
nosis), further decreasing cardiac output.
Pulmonary vascular resistance increases
substantially, causing enlargement of
the right ventricle and right-sided heart
failure. Although pulmonary hyperten-
sion is usually reversible following
relief of mitral stenosis by either surgery
or balloon valvotomy, with advanced,
end-stage mitral stenosis, pulmonary
hypertension may become fixed from
permanent anatomic changes in the
pulmonary arteries and arterioles.

The left atrial pressure and the cardiac
output are the main determinants of
symptoms in patients with mitral steno-
sis. Elevated left atrial pressure causes
dyspnea, pulmonary edema, and he-
moptysis. The low cardiac output asso-
ciated with this condition causes
fatigue. In addition to the mitral valve
orifice area, left atrial pressure depends
on the rate of flow across the valve
(i.e., cardiac output), heart rate, size
A

FIGURE 4-1. Pathology of rheu-
matic mitral stenosis. A, Normal
valve. B, A commissural fusion
represents the most common path-
ologic mechanism of mitral stenosis,
causing a ‘‘fish mouth’’ orifice. C, A
noncommissural form in which
there is extensive fibrosis and calcifi-
cation at the leaflet tips, resulting in
impaired opening of the valve and
stenosis.
and compliance of the left atrium, and
volume status; heart rate and volume
status are particularly important. If
given enough time, the left atrium will
eventually empty even in the presence
of severe mitral stenosis. Thus, for any
given mitral valve area, bradycardia will
result in lower left atrial pressures, and
tachycardia will result in higher left
atrial pressures. For this reason, the
onset of rapid atrial fibrillation is poorly
tolerated, leading to the abrupt onset
of symptoms. Similarly, acute volume
overload will rapidly increase left atrial
pressure, leading to dyspnea or frank
pulmonary edema.
Hemodynamics of Mitral Valve
Stenosis
A wide spectrum of hemodynamic
abnormalities is possible in patients
with mitral stenosis, depending on
the stage of their disease. Initially, the
major hemodynamic abnormalities ref-
lect solely the mitral valve obstruction
and include (1) elevation of the left
atrial or wedge pressure, typically to
20–25 mmHg with normal or low left
ventricular end-diastolic pressure; (2)
the presence of a pressure gradient that
exists throughout diastole between the
left atrium and left ventricle, usually
ranging from 5–25 mmHg; (3) a reduc-
tion in cardiac output (3.5–4.5 L/min);
and (4) abnormalities in the left atrial
pressure tracing, affecting both a and v
waves. In patients with normal sinus
B C
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rhythm and mitral stenosis, the a wave
on the left atrial or pulmonary capillary
wedge pressure (PCWP) waveform may
be accentuated because of the increased
residual volume of the atrium at the
onset of atrial systole (Figure 4-2). The
a wave may be quite large, and values
as high as 50 mmHg have been des-
cribed.3 A prominent v wave may also
be observed in pure mitral stenosis
because left atrial volume and pressure
FIGURE 4-2. In patients with mitral stenosis and normal
sinus rhythm, prominent a waves may be apparent on the
left atrial or pulmonary capillary wedge pressure tracing
(arrow).

FIGURE 4-3. Examples of large v waves on left atrial pressur
are already high, and any additional
increase in volume that occurs during
passive atrial filling results in a greater
increase in pressure, generating a prom-
inent v wave (Figure 4-3).3,4 There
also may be a contribution of reduced
left atrial compliance from fibrosis. The
presence of a large v wave correlates
strongly with diminished exercise toler-
ance and is a significant predictor of pul-
monary hypertension.5,6 Furthermore,
because mitral stenosis delays emptying
of the left atrium, the slope of the y
descent, representing the phase of early
and rapid ventricular filling, is delayed
(Figure 4-4) compared to the rapid
descent seen in mitral regurgitation.
In early stages of the disease, pulmo-

nary pressures are normal and then
become only modestly elevated, despite
the presence of severe mitral orifice
narrowing. At this stage, the high pul-
monary artery pressures reflect elevated
left atrial pressure; the pulmonary vascu-
lar resistance is normal. Over time, how-
ever, the pulmonary vascular resistance
increases due to reactive changes, and
right ventricular enlargement occurs.
Late stages of mitral stenosis are asso-
ciated with marked pulmonary hyper-
tension due to permanent anatomic
changes in the arterioles, causing extreme
e waveform in two patients with mitral stenosis.



FIGURE 4-4. The y descent (arrow) is delayed in patients
with mitral stenosis consistent with impaired emptying of
the left atrium.
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elevations in pulmonary vascular resis-
tance, pronounced right ventricular fail-
ure, and severe secondary tricuspid
regurgitation.

The existence of a pressure gradient
between the left atrium and left ventricle
during diastole both defines mitral ste-
nosis and forms the basis of the hydrau-
lic formula derived to calculate mitral
valve orifice area. In patients without
mitral stenosis, left atrial and left ventric-
ular diastolic pressure curves appear
nearly superimposable (Figure 4-5). In
fact, a very small gradient must normally
exist to allow blood to flow into the left
ventricle, but this is usually not apprecia-
ble by the clinically used, fluid-filled
transducers. In contrast, in mitral steno-
sis, a pressure gradient is present imme-
diately upon opening of the mitral
valve and persists in diastole so that
diastasis is absent (Figure 4-4).7

The transmitral gradient is ideally
assessed by obtaining simultaneous pre-
ssure waveforms from catheters posi-
tioned in the left atrium and left
ventricle. However, most physicians are
not facile at the performance of trans-
septal catheterization, and the PCWP is
typically substituted for left atrial pres-
sure. Although this practice may be
acceptable in most cases, the potential
for considerable error exists, and the
limitations of this technique must be
understood.
In general, the PCWP correlates well

with left atrial pressure, which is partic-
ularly true when the PCWP is low
(<25 mmHg), with no significant differ-
ence noted between left atrial and the
PCWP.8 When PCWP is >25 mmHg,
considerable error may exist (variance
in excess of 10 mmHg).
Although a good correlation exists

between the mean left atrial pressure
and PCWP, the transmitral gradient
using the PCWP does not correlate as
well with the gradient obtained using
the left atrial pressure.9–11 Major sources
of error exist; first, the PCWP introduces
a time delay (40–160 msec), depending
on the position of the catheter; and
second, dampening is present of the
post–v wave descent, intrinsic to the
generation of a PCWP waveform that
will add to the gradient (Figure 4-6). In
addition, in the presence of pulmonary
hypertension (a common occurrence in
patients with mitral stenosis), it may
not be possible to obtain a true PCWP
from the pulmonary artery position,
and instead represent a hybrid between
the two pressures and falsely elevate the
‘‘wedge.’’11 These factors conspire to
elevate the mean diastolic gradient
compared to that obtained with left
atrial pressure. Adjustment for the time
delay by phase shifting the tracing
relative to the left ventricular pressure
provides a more accurate reflection of
the left-atrial-left-ventricular pressure
gradient.10 However, several experts
believe that these inaccuracies make the
use of the PCWP an unreliable gauge
of the transmitral gradient, and thus
this method should not be used to make
major decisions such as referral for mit-
ral balloon valvuloplasty or repeat
mitral valve surgery in patients with
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FIGURE 4-5. Normal left atrial and left ventricular relationship. A, A patient in atrial flutter with significant mitral regur-
gitation and a prominent v wave. Note that the y descent of the v wave is brisk and coincides with the downslope of the
left ventricular pressure. The diastolic pressures are virtually superimposable. B, A small gradient between left ventricular
diastolic pressure and the left atrial pressure may be apparent early in diastole (arrow).
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prosthetic mitral valves.9,11 Importantly,
if the PCWP is used, the operator must
pay meticulous attention to detail and
confirm the wedge pressure using oxime-
try sampling to demonstrate an arterial
saturation >95%. Patients with evidence
of significant gradient using the PCWP
who have discrepant noninvasive stud-
ies, poor-quality wedge pressure wave-
forms, pulmonary hypertension, or
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FIGURE 4-6. Use of the pulmonary capillary wedge pressure can overestimate the transmitral gradient compared to the
left atrial pressure because there is a time delay with the pulmonary capillary wedge pressure and a dampening effect
on the v wave, as shown here. (From Syed Z, Salinger MH, Feldman T. Alterations in left atrial pressure and compliance
during balloon mitral valvuloplasty. Catheter Cardiovasc Interv 2004;61:571–579, with permission.)
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prior prosthetic valve surgery should
be considered for transseptal catheteriza-
tion to confirm the gradient with a left
atrial pressure measurement before
making a major decision related to the
mitral valve stenosis.

A transmitral gradient has several
causes other than true mitral stenosis
(Table 4-2). Severe mitral annular calcifi-
cation may result in a transmitral gradi-
ent.12 This may be seen in association
with calcific aortic stenosis (Figure 4-7).
A gradient may be present in patients
with severe mitral regurgitation (averag-
ing about 6 mmHg) because of the
marked increase in flow across the valve,
TABLE 4-2.
Causes of Gradient Between
Pulmonary Capillary Wedge and
Left Ventricular Diastolic Pressure

Mitral valve stenosis
Mitral annular calcification
Severe mitral regurgitation
Atrial myxoma (rare)
Cor triatriatum or pulmonary veno-occlusive disease

(very rare)
Hemodynamic artifacts

Improper zeroing, transducer balancing, or
calibration

Pulmonary artery catheter not in true ‘‘wedge’’
position

Large v waves on pulmonary capillary wedge
pressure
but it is observed in early diastole only.3

Other pathological conditions are rare.
More important are the hemodynamic

artifacts resulting in an apparent trans-
mitral gradient. Meticulous attention to
detail is important when making these
measurements, and pressure transducers
should first be carefully leveled, cali-
brated, and zeroed. Because the pressures
under consideration are relatively low,
small errors in zeroing, transducer level
or differences in frequency response
between the two transducers may cause
the false appearance of a transmitral
gradient. Probably the most common
artifact is due to the inability of the oper-
ator to achieve a true ‘‘wedge’’ position,
particularly when severe pulmonary
hypertension is present. In this scenario,
the pressure wave represents a hybrid
between the true wedge pressure and
the pulmonary artery systolic pressure,
falsely causing or elevating the gradient
(Figure 4-8). Because of the time delay
inherent to the generation of the PCWP
waveform, the presence of large v waves
will either cause or elevate the gradient.
Phase shifting the tracing so that the y
descent of the v wave coincides with the
downslope of the left ventricular pressure
waveform can improve or eliminate this
artifact (Figure 4-9).



FIGURE 4-8. A common source of error in the identification and quantification of a transmitral gradient when the pul-
monary capillary wedge pressure is used instead of the left atrial pressure. A, A suitable wedge pressure and a significant v
wave with an end-diastolic gradient of approximately 8 mmHg, suggesting mitral stenosis. However, a blood sample
drawn from the catheter in this position revealed an oxygen saturation of 75%. B, The catheter was repositioned and
wedge position was confirmed with an oxygen saturation of 95%; in this case, an end-diastolic pressure gradient is no
longer present.
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FIGURE 4-7. Example of a transmi-
tral gradient from severemitral annular
calcification in a patient with calcific
aortic stenosis.
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Calculation of Mitral Valve Area
Using Gorlin’s Formula
Richard Gorlin13 and his father
derived the Gorlin equation in 1951
based on the physics of hydraulic sys-
tems. First, Gorlin chose the hydraulic
formula for determining the area of a
‘‘rounded edge’’ orifice:

F ¼ Cc A V

where F ¼ flow, A ¼ orifice area, and

V ¼ the change in velocity of flow
across the orifice. The value Cc repre-
sents the coefficient of orifice contrac-
tion to allow for the contraction of the
stream as it passes through the orifice.
This formula is then combined with
the relationship:

V ¼ Cv
ffiffiffiffiffiffiffiffiffi
2gh

p

Where g ¼ the gravitational constant
(980 cm/sec2), and h ¼ the height of the
column of fluid and can be substituted
for the pressure gradient across the orifice.
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FIGURE 4-9. A, The time delay inherent to the generation of the pulmonary capillary wedge pressure tracing results
in the impression of an early diastolic gradient due to the position of the v wave. B, A correction is made by phase shifting
the pulmonary capillary wedge pressure tracing to the left.
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The value Cv represents the coefficient of
velocity to account for loss of energy
through friction and turbulence. The
two formulas are then combined and
simplified and a single empiric constant
C created to account for the various coeffi-
cients to create the essence of the Gorlin
formula, which states:

Valve Area ¼ Valve Flow

Cð44:5Þð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pressure Gradient

p Þ
Mitral valve flow is defined as the
flow that occurs during diastole (dia-
stolic filling period). Gorlin determined
the empiric constant as 0.7 by collecting
the hemodynamics from a single patient
with mitral stenosis and then measuring
the actual valve area by autopsy after
the patient died, and solving the for-
mula for C. Because Gorlin had no
method to measure left ventricular
end-diastolic pressure, he assumed a
value of 5 mmHg and determined the
diastolic filling period from the brachial
artery tracing as the beginning of the
dicrotic notch to the beginning of the
upstroke of the next pressure pulse. Val-
idation consisted of measurements
obtained in 11 patients (6 autopsy and
5 surgical cases) with good correlation.
Once left ventricular end-diastolic pres-
sure could be measured routinely, the
Gorlin constant was corrected from 0.7
to 0.85, and the Gorlin formula evolved
into its present form14:

Mitral Valve Area

¼ Cardiac Output

ðDiastolic Filling PeriodÞ
ðHeart RateÞð37:9Þð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pressure Gradient
p Þ

The pressure gradient represents the

mean gradient and, in the current era,
is typically measured with automated,
computer-based hemodynamic systems.
In normal sinus rhythm, five cardiac
cycles are averaged. Because of the
marked variation in the gradient with
varying R-R intervals, at least ten cardiac
cycles are required for patients in atrial
fibrillation (Figure 4-10, A). If the
patient is in sinus rhythm and the
PCWP is used instead of left atrial pres-
sure, the tracing should be phase shifted
to the left to account for the time delay,
as noted earlier.
A much simplified version of Gorlin’s

formula for calculating valve area has
been proposed.15 The formula is easy
to remember and eliminates the heart



A B

FIGURE 4-10. The heart rate greatly impacts the transmitral gradient. A, In atrial fibrillation varying R-R intervals occur
and the transmitral gradient is greatest when there is a short R-R interval; longer R-R intervals allow more time for the
atrium to empty and thus diastasis is achieved. B, In patients of normal sinus rhythm, the compensatory pause following
a premature ventricular beat will prolong the R-R interval and diminish the end-diastolic pressure gradient, also allowing
for diastasis.
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rate, diastolic filling period, and the
empiric constant:

Valve Area ¼ Cardiac Output
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pressure Gradient

p

When compared to the traditional
Gorlin formula, the simplified formula
may lead to significant disparity, espe-
cially if tachycardia is present (heart
rate >100 beats/min).16 Therefore, the
simplified formula should be used with
great caution.
Gorlin’s formula for valve area calcu-

lation has several well-known criticisms
and limitations. The formula is based
on idealized relationships between flow
across valves and orifice area and makes
many assumptions and oversimplifica-
tions to create a tidy mathematical for-
mula. The formula works best if normal
sinus rhythm is present and is within
the normal physiological range of flows.
Co-existing mitral regurgitation repre-
sents a significant limitation of this
method because Gorlin’s formula under-
estimates the true valve area because the
cardiac output entered in the numerator
is the forward flow and does not account
for the regurgitant fraction included
in the total transmitral diastolic flow.
The severity of mitral valve stenosis is

routinely evaluated noninvasively. Echo-
cardiographic techniques include use of
2D echocardiography with planimetry
of the mitral valve area and use of
Doppler echocardiographic techniques,
including the pressure half-time and
continuity equation methods. Although
these techniques correlate reasonably
well with the invasively determined
techniques that rely on Gorlin’s for-
mula, considerable variability may exist
between the methods in patients with
symptomatic and significant mitral ste-
nosis.17,18 This case is particularly true
in patients with lower transmitral gradi-
ents and higher cardiac outputs. Impor-
tantly, clinicians should not fixate on
the absolute value generated by these
‘‘high tech’’ studies or rely solely on a
single determination of the severity of
stenosis. One series found that 12% of
patients who underwent mitral valve
surgery with severe symptoms and
mitral stenosis had relatively small
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gradients (<10 mmHg) and only modest
narrowing by calculated valve area
(1.6 cm2) yet improved dramatically with
surgery, emphasizing the point that noth-
ing substitutes for clinical judgment.19
Prosthetic Mitral Valves
Evaluation of prosthetic mitral valves
represents a unique challenge. Small
gradients are present across most mech-
anical and biological mitral valve pros-
theses. The pressure gradient across
normally functioning prosthetic valves
depends upon both the size of the pros-
thesis as well as its profile. The expected
pressure gradient for many of the com-
monly used prosthetic valves has been
reported and is based primarily upon
noninvasive techniques, using Doppler
echocardiography20 (Table 4-3). These
TABLE 4-3. Expected Gradients Across Common M

VALVE SIZE

Mechanical

Starr-Edwards (ball and cage) 28
30
32

Bjork-Shiley (single tilting disc) 27
29
31

St. Jude (bileaflet tilting disc) 27
29
31

Carbomedics (bileaflet tilting disc) 25
27
29
31

Bioprosthesis

Carpentier Edwards (pericardial) 29
31

Hancock II (porcine) 27
29
31
33

From Rosenhek R, Binder T, Maurer G, Baumgartner H. Normal va

prostheses. J Am Soc Echocardiogr 2003;16:116–127, with permission
guidelines can provide the cardiologist
with a rough estimate regarding the
expected transvalvular gradient when
evaluating a prosthetic mitral valve inva-
sively in the cardiac catheterization labo-
ratory. Use of the Gorlin formula to
describe a prosthetic valve area is prob-
lematic given the earlier described limita-
tions of the method. In the setting of the
aortic valve, the Gorlin formula inaccu-
rately predicts prosthetic valve area21;
similar inaccuracies in predicting mitral
valve area are likely. In addition, the
PCWP will tend to overestimate the
transvalvular gradient, particularly if
pulmonary hypertension is present; and
many noted authorities recommend
transseptal catheterization and direct
measurement of left atrial pressure in
this setting, particularly if a decision
regarding reoperation is entertained.11
itral Valve Prostheses

MEAN GRADIENT ORIFICE AREA

7 � 3 mmHg 1.9 � 0.6 cm2

7 � 3 mmHg 1.7 � 0.4 cm2

5 � 3 mmHg 2.0 � 0.4 cm2

5 � 2 mmHg 1.8 � 0.5 cm2

3 � 1 mmHg 2.1 � 0.4 cm2

2 � 2 mmHg 2.2 � 0.3 cm2

5 � 2 mmHg 1.7 � 0.2 cm2

4 � 2 mmHg 1.8 � 0.2 cm2

4 � 2 mmHg 2.0 � 0.3 cm2

4 � 1 mmHg 2.9 � 0.8 cm2

3 � 1 mmHg 2.9 � 0.8 cm2

3 � 1 mmHg 2.3 � 0.4 cm2

3 � 1 mmHg 2.8 � 1.0 cm2

5 � 2 mmHg —
4 � 1 mmHg —

— 2.2 � 0.1 cm2

— 2.8 � 0.1 cm2

— 2.8 � 0.1 cm2

— 3.2 � 0.2 cm2

lues for Doppler echocardiographic assessment of heart valve

.



TABLE 4-4. Causes of Mitral Valve
Regurgitation
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Hemodynamics of Mitral Balloon
Valvuloplasty
PRIMARY MITRAL VALVE REGURGITATION

Myxomatous degeneration
Spontaneous chordal rupture
Papillary muscle rupture post-MI
Rheumatic valve disease
Endocarditis
Collagen vascular diseases
Hypertrophic obstructive cardiomyopathy (systolic
anterior motion)

Mitral annular calcification
Prosthetic mitral valve dysfunction
Prosthetic valve paravalvular leak

SECONDARY MITRAL VALVE REGURGITATION

Mitral annular dilatation due to poor LV function
Ischemic mitral regurgitation

MI, Myocardial infarction; LV, left ventricular.
Percutaneous mitral balloon valvulo-
plasty, using the double balloon tech-
nique or Inoue balloon, is considered
the procedure of choice for treatment
of symptomatic, severe mitral stenosis,
assuming anatomy is favorable and
no contraindications exist, such as sig-
nificant mitral regurgitation or atrial
thrombus.22 The hemodynamic improve-
ments are apparent immediately.22–26

Both the left atrial pressure and the trans-
mitral gradient fall and the cardiac
output increases. Mitral valve orifice area
increases on average from a baseline of
1.0 to 2.2 cm2 and is similar to the results
of open surgical commissurotomy.23 An
early improvement in pulmonary hyper-
tension is augmented over time, although
most patients with severe pulmonary
hypertension will continue to have eleva-
tions of pulmonary artery pressure. Signif-
icant regression of tricuspid regurgitation
has been reported even in the presence
of a structural abnormalityof the tricuspid
valve.25 The long-term results are favor-
able. The restenosis rate at 3 years is about
10% and similar to open commissurot-
omy.23 The 10-year survival, free of death,
repeat procedure on the mitral valve, or
class III or IV symptoms, is 56%.24
Mitral Regurgitation
Regurgitation of the mitral valve
occurs with greater prevalence than ste-
nosis. The term primary mitral regurgita-
tion refers to regurgitation caused by an
abnormality of the valve leaflets, annu-
lus, or mitral apparatus. The term sec-
ondary mitral regurgitation is used to
describe valvular regurgitation in the
setting of reduced ventricular function,
with left ventricular dilatation causing
distortion of an otherwise normal mitral
valve and apparatus and incomplete clo-
sure leading to regurgitation. Table 4-4
lists the most common etiologies of
mitral regurgitation with the most com-
mon cause in the current era due tomyx-
omatous mitral valve disease. Although
ischemia may cause infarction and sub-
sequent avulsion of the papillary muscle
and acute severe mitral regurgitation,
the most likely mechanism of mitral
regurgitation in the setting of ischemia
is from secondary mitral regurgitation
due to incomplete mitral leaflet closure
from associated left ventricular dysfunc-
tion and not from papillary muscle
dysfunction.27

A variety of methods to quantify
the degree of mitral regurgitation has
been proposed. Several Doppler echo-
cardiographic methods are commonly
used to quantitate mitral regurgitation
(Table 4-5). Each of these methods has
limitations and drawbacks.28 In the car-
diac catheterization laboratory, mitral
regurgitation is quantified by contrast
ventriculography, using a semiquanti-
tative scale (Table 4-6). This method
is clinically useful but dependent on
obtaining a high-quality ventriculo-
gram. Emphasis on several important



TABLE 4-5.
Echocardiographic Methods of
Quantifying Mitral Valve
Regurgitation

Visual estimation of jet size
Flow mapping
Proximal isovelocity surface area (PISA) method
Vena contracta method
Quantified Doppler method

TABLE 4-6. Grading the Severity of Mitral
Valve Regurgitation

1þ Contrast clears with each beat, never filling
the left atrium

2þ Contrast faintly fills the left atrium, but not
as densely as the left ventricle, and does
not clear with each beat

3þ Contrast completely opacifies the left
atrium, ultimately, as densely as the left
ventricle

4þ The left atrium becomes as densely opacified
as the left ventricle, with the first beat
becoming progressively denser with each
beat and filling the pulmonary veins
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technical issues can improve the phy-
sician’s ability to grade mitral regur-
gitation with this technique. Careful
attention to proper catheter position
will limit the degree of artifactual mitral
regurgitation either from provocation of
a ventricular arrhythmia or from entan-
glement of the pigtail catheter into the
mitral apparatus, causing the operator
to overestimate the true degree of regur-
gitation. Underestimation of the degree
of regurgitation may occur if the cathe-
ter is placed too high in the left ven-
tricular outflow tract, underfilling the
ventricle or in the presence of chronic
mitral regurgitation and/or chronic
atrial fibrillation when there is marked
enlargement of the left atrium. In such
cases, contrast may not opacify the
giant left atria, despite severe regurgita-
tion and thus leading the operator to
define a lower grade of regurgitation.
The use of larger volumes of contrast
than normally used (i.e., 50–60 mL)
may remedy the problem. Finally, inade-
quate right anterior oblique angula-
tion may superimpose the left atrium
over the descending aorta, making it dif-
ficult to accurately grade the degree of
regurgitation.
Pathophysiology of Mitral
Regurgitation
Severe, acute mitral regurgitation
(often due to spontaneous chordal rup-
ture or avulsion of a papillary muscle
head from acute infarction) typically
occurs in the presence of a small, unadap-
ted left atrium. The acute increase in
volume rapidly raises left atrial and pul-
monary venous pressures, transmitting
to the lungs and causing pulmonary
edema. With a large proportion of
the left ventricular stroke volume de-
posited into the left atrium, forward
flow is diminished and hypoperfusion
and shock may ensue. Compensatory
mechanisms are minimally effective
and include tachycardia, in an effort to
maintain cardiac output in the face of a
diminished forward stroke volume and
peripheral vasoconstriction to maintain
perfusion of vital organs. Acute, severe
regurgitation represents a medical emer-
gency with urgent surgical repair often
indicated.
Some patients with acute mitral re-

gurgitation may stabilize and enter a
chronic, well-compensated phase. Alter-
natively, mitral regurgitation may begin
as mild or moderate in extent and slowly
progress, allowing for chronic compen-
sation. Importantly, mitral regurgita-
tion tends to be progressive; thus,
moderate degrees of regurgitation often
worsen because the additional stress on
themitral apparatus changes left ventric-
ular geometry, worsening regurgitation
over time.
Chronic compensatory mechanisms

allow for a prolonged asymptomatic
state, despite severe mitral regurgitation.
These mechanisms include the develop-
ment of an increase in left ventricular
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volume with the preservation of the
ejection fraction to allow for a greater
stroke volume to maintain forward flow,
despite the regurgitant volume.28 Eccen-
tric hypertrophy balances wall stress
from increased ventricular size; however,
diastolic function remains normal to
allow the increase volume to occur with-
out increasing left ventricular diastolic
pressures. Another important compensa-
tory mechanism is the increase in left
atrial size to accommodate the regurgi-
tant volume at lower filling pressures.
Over time, however, compensatory

mechanisms fail. For poorly explained
reasons, deterioration in contractile func-
tion occurs, resulting in myocardial dys-
function and a fall in ejection fraction.
Although this phenomenon may be
asymptomatic, it is often associated with
symptoms of dyspnea from increased
PCWP and/or fatigue from diminished
cardiac output. Mitral valve repair or
replacement is clearly indicated either
upon arrival of symptoms or with the
onset of ventricular dysfunction. Ulti-
mately, if untreated or allowed to
advance, decompensation leads to left
heart failure and its consequences, includ-
ing secondary pulmonary hypertension
and right heart failure.
Hemodynamics of Mitral
Regurgitation
The classically taught hemodynamic
abnormality of mitral regurgitation is
the presence of a prominent v wave
on the PCWP or left atrial pressure
tracing. However, prominent v waves
are often absent, despite severe mitral
regurgitation, and are frequently obser-
ved in conditions other than mitral
regurgitation.
Recall that a v wave is a normal phys-

iological event due to atrial filling at the
end of ventricular systole when the
mitral valve is closed. An abnormal or
prominent v wave has been variably
defined as a peak v wave in excess of
40 mmHg, a difference between the peak
v wave and mean PCWP >10 mmHg or
the ratio of the peak v wave to mean
PCWP >2.29 Some have proposed that a
v wave height three times the mean
PCWP is virtually diagnostic of severe,
acute mitral regurgitation.30

It has been long recognized that the
presence or absence of an abnormal
v wave fails to correlate with either the
presence or severity of mitral regurgita-
tion, which is particularly true in the
setting of chronic mitral regurgitation.
As far back as 1963, Braunwald31

observed that severe, chronic mitral
regurgitation could exist with normal
left atrial pressure and a normal-sized
v wave. Several investigators have re-
ported that about one third of patients
with prominent v waves had no mitral
regurgitation.32,33 In one study of over
900 patients who underwent both
ventriculography and right heart cathe-
terization, using a large lumen catheter
and performance of an oximetrically
confirmed wedge pressuremeasurement,
the presence of a prominent v wave was
insensitive and had a poor positive
predictive value for the presence of mod-
erate or severe mitral regurgitation.29

Interestingly, these investigators found
that the absence of a prominent v wave
was 94% specific and had a 93% nega-
tive predictive value for the absence of
severe mitral regurgitation. This study
consistedmostly of patientswith chronic
mitral regurgitation; the correlation
might differ with acute mitral regurgita-
tion, in which the v wave is more likely
to be prominent.
The poor correlation between the

presence or extent of mitral regurgita-
tion and the height of the v wave likely
relates to the numerous physiological
factors involved in determining the v
wave. These include (1) the rate and
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volume of blood that enter the left
atrium during ventricular systole, (2)
the volume and pressure of blood that
exist within the left atrium, (3) systemic
afterload that influences atrial empty-
ing, (4) left ventricular contractile force
that affects both left ventricular end-
diastolic volume and pressure, and (5)
left atrial compliance. Accordingly,
abnormal v waves are seen in mitral
regurgitation and in ventricular septal
defects because of the increased volume
that enters the left atrium. Similarly,
large v waves are a prominent feature
of both mitral stenosis and congestive
heart failure (Figures 4-3 and 4-11)
because the left atrial volume and pres-
sure are high, and small additional in-
crease in volume results in a greater
increase in pressure, thereby generating
a more prominent v wave. Tachycardia
may result in v waves due to the shorter
diastolic emptying period. Perhaps the
most important variable, however, is left
atrial compliance. The small, noncom-
pliant atria of most patients with acute,
severe mitral regurgitation explain why
prominent v waves are more commonly
FIGURE 4-11. Example of a large v wave on a pulmo-
nary capillary wedge pressure in the complete absence
of mitral regurgitation. This patient had heart failure as
the cause of the large v wave.
seen in these patients as compared
to those with chronic mitral regurgita-
tion, in which the left atrium may
be more compliant. Conditions other
than mitral regurgitation associated
with diminished compliance of the left
atrium are also associated with promi-
nent v waves, including the postopera-
tive state, rheumatic heart disease, and
ischemia.
Patients with acute mitral regurgita-

tion exhibit markedly abnormal hemo-
dynamics. Hypotension, tachycardia,
and a low cardiac output are often pres-
ent (Figure 4-12). A marked elevation
occurs of the PCWP, often with a very
prominent v wave (Figure 4-13). In fact,
because the left atrium is typically small
andnoncompliant, the vwavemay reach
giant proportions and, in some dramatic
cases, may even be apparent on the pul-
monary artery waveform (Figure 4-14).
The transmission of this pressure wave
from the pulmonary veins to the pulmo-
nary artery also explains the occasional
phenomenon of a false elevation in the
pulmonary artery saturation, in some
cases of severe mitral regurgitation.
FIGURE 4-12. Aortic pressure waveform from a patient
in cardiogenic shock from acute, severe mitral regurgita-
tion due to papillary muscle rupture in the setting of an
acute, inferior wall myocardial infarction.



FIGURE 4-13. Simultaneous left ventricular and pulmo-
nary capillary wedge pressure tracings obtained in the
same individual, as depicted in Figure 4-12, with acute,
severe mitral regurgitation. A prominent v wave is present
on the pulmonary capillary wedge pressure tracing and
hypotension. A difference of only about 30 mmHg exists
between the peak of the v wave and the peak left ventric-
ular systolic pressure.
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In acute mitral regurgitation, the
systolic murmur of mitral regurgitation
may be absent or diminished, which is
represented hemodynamically by the
observation of minimal gradient bet-
ween peak left ventricular systolic pres-
sure and the height of the v wave on
the PCWP tracing (Figure 4-15). An
interesting hemodynamic finding is
A B

FIGURE 4-14. Prominent v waves may be apparent on the p
mitral regurgitation, the pulmonary capillary wedge pressure
B, Waves transmitted to the pulmonary artery systolic pressur
due to the constraining effect of the
intact, normal pericardium in the pres-
ence of acute volume overload from
acute mitral regurgitation, resulting in
hemodynamic abnormalities similar to
constrictive pericarditis, with elevated
and equalized right and left ventricular
diastolic pressures.34

The hemodynamics seen in patients
with chronic mitral regurgitation may,
in fact, be entirely normal or only
mildly abnormal at rest if ventricular
function remains normal and they are
well compensated (Figure 4-16). As men-
tioned earlier, the height of the v wave
is an unreliable indicator of the sever-
ity of mitral regurgitation, with one
third of patients with chronic mitral
regurgitation demonstrating trivial v
waves, despite severe mitral regurgita-
tion32 (Figure 4-17). A small diastolic
pressure gradient may be observed
across the mitral valve; however, unlike
mitral stenosis, the gradient is present
during early diastole only. In addition,
the slope of the y descent in mitral
regurgitation is steep rather than
delayed, as seen in mitral stenosis.
Importantly, hemodynamic measure-

ments in the cardiac catheterization
ulmonary artery waveform. A, In this case of severe acute
demonstrated v waves that exceed 50 mmHg in height.
e waveform (arrows).
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FIGURE 4-15. Severe acute mitral regurgitation with cardiogenic shock, large v waves, and minimal pressure difference
between the height of the v wave and the peak left ventricular systolic pressure. In this case, no systolic murmur was
appreciated.

A B

FIGURE 4-16. Example of hemodynamics obtained in a patient with severe, chronic mitral regurgitation. A, At rest,
elevation of the pulmonary artery systolic pressures is moderate. The mean wedge pressure is normal, averaging
15 mmHg, and, B, the v wave reaches about 30 mmHg. This patient has symptoms with exertion when the pulmonary
artery and pulmonary capillary wedge pressure likely exceed these resting values.
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laboratory are obtained under resting
conditions. Many patients with chronic
mitral regurgitation experience symptoms
with exertion. Hemodynamics obtained
during dynamic exercise during cardiac
catheterization may be more revealing.
A dramatic rise in the wedge pressure
or pulmonary artery systolic pressure dur-
ing exercise may be revealing. In
one study, about 20% of patients with
normal resting PCWP developed v waves
>50 mmHg with exercise.35



FIGURE 4-17. Severe, chronic mitral regurgitation that
demonstrates a normal-sized v wave on the pulmonary
capillary wedge tracing.

A B

C

FIGURE 4-18. A patient with severe, chronic mitral regurg
heart failure. A, Marked elevation of the pulmonary capillary w
nary artery pressure in excess of 60 mmHg. C, Right atrial p
failure.
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With the onset of symptoms and the
development of decompensation, hemo-
dynamic abnormalities become promi-
nent and include the development of
elevated left atrial and pulmonary artery
pressures. Again, a v wave may or may
not be present. Over time and similar to
other conditions that cause chronic eleva-
tions in the pulmonary venous pressure,
secondary pulmonary hypertension with
high pulmonary vascular resistance and
subsequent right-sided heart failure may
develop (Figure 4-18). In this setting, sec-
ondary tricuspid regurgitation may arise
from right ventricular enlargement and
annular dilatation.
itation with evidence of decompensation and right-sided
edge pressure with large v waves and, B, elevated pulmo-
ressure is high, which is consistent with right-sided heart
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Aortic Valve Disease
MICHAEL RAGOSTA, MD
Clinical decisions in patients with aor-
tic valve disease rely heavily upon an
accurate estimation of the severity of
the valve lesion, which, in turn, often
depends upon a correct understanding of
the hemodynamic derangements asso-
ciated with the disorder. Cardiac catheter-
ization provides valuable hemodynamic
data in patients with aortic regurgitation
and aortic stenosis; however, potential
sources of error and limitations of hemo-
dynamic techniques present formidable
challenges to the clinician. The adage,
‘‘Bad data are worse than no data at all,’’ is
particularly relevant for aortic stenosis,
in which errors in orifice area estimation
may lead to an entirely wrong conclusion
regarding the need for surgery. This chap-
ter reviews the hemodynamic features
of aortic regurgitation and valvular aor-
tic stenosis emphasizing potential errors
in data collection and interpretation.
Aortic Valve Regurgitation
Regurgitation of the aortic valve may
be caused by a variety of conditions
(Table 5-1). Currently, in the United
States, aortic regurgitation is most com-
monly due to aortoannular ectasia from
hypertension or a congenitally bicuspid
aortic valve. The pathophysiology and
hemodynamic abnormalities observed
in aortic regurgitation depend upon
several variables, including the severity
of the regurgitation, whether regurgita-
tion is acute or chronic and the compen-
satory response to volume overload
intrinsic to this lesion.
68
Chronic Versus Acute Aortic
Regurgitation
Hemodynamic consequences of severe
aortic insufficiency differ depending on
whether regurgitation is acute or chronic.
In chronic aortic regurgitation, the grad-
ual onset of progressive valve regur-
gitation leads to several important
compensatory changes allowing a pro-
longed state of adaptation and a clini-
cally asymptomatic state. Progressive
left ventricular dilatation ensues with
stroke volume increasing to maintain
forward flow. Both end-diastolic and
end-systolic volumes increase, maintain-
ing ejection fraction. With enlargement
of the left ventricular chamber, ventricu-
lar wall thickness must increase to main-
tain normal wall stress, as dictated by
LaPlace’s law stating that wall stress is
proportional to the product of trans-
mural pressure and radius divided bywall
thickness. Traditionally, chronic aortic
regurgitation has been considered to
be an example of pure chronic volume
overload. However, systolic pressure also
rises in association with the augmented
stroke volume, and thus the left ventricle
in chronic, severe aortic regurgitation is
both volume and pressure overloaded
with compensation that consists of both
ventricular dilatation and hypertrophy.1,2

Chronic aortic regurgitation tops the
pathological conditions, causing ven-
tricular enlargement that generates the
largest heart sizes clinically observed
(cor bovinum). Symptoms often develop
with the onset of a decompensated state
manifest by increased wall stress, dimin-
ished contractility, and decreased ejection
fraction.
The physiologic benefits of vasodi-

lators in chronic, severe aortic regurgi-
tation relate primarily to improved left
ventricular function and diminished
afterload, especially when systolic hyper-
tension is present. Vasodilator agents



TABLE 5-1. Causes of Aortic Valve
Regurgitation

Dilatation of the ascending aorta (aortoannular
ectasia)

Prolapse or incomplete closure of a congenitally
bicuspid valve

Endocarditis
Rheumatic valvular disease
Ankylosing spondylitis
Rheumatoid arthritis
Ehlers-Danlos syndrome
Marfan’s disease
Syphilis
Aortic arch aneurysm
Aortic dissection
Ventricular septal defect (prolapsing cusp)
Subaortic membrane
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do not reduce the regurgitant volume,
unless associated diastolic hypertension
is present, because the amount of regurgi-
tation is based both on the regurgitant
orifice area (unaffected by vasodilators)
and the mean gradient between the
aorta and the left ventricle during dias-
tole. Because aortic diastolic pressures
are already low, vasodilators cannot
diminish this gradient further without
compromising coronary blood flow.

Many of the interesting physical
examination findings of chronic, severe
aortic regurgitation parallel the hemo-
dynamic findings and are consequences
of the compensatory mechanisms that
reflect primarily the increased left ven-
tricular size and stroke volume. These
include a wide arterial pulse pressure
that may exceed 100 mmHg, a carotid
TABLE 5-2. Peripheral Manifestations of Chronic, S

FEATURE

Hill’s sign Systolic pressure in popliteal artery e
Corrigan’s pulse
de Musset’s sign

‘‘Water hammer’’ or collapsing pulse
the carotids

Head bobbingQuincke’s sign
Visible capillary pulsations of the baMuller’s sign
Pulsations of the uvulaTraube’s sign
Loud systolic sounds (‘‘pistol shot’’)Duroziez’s sign
Systolic murmur heard over the fem
stethoscope, diastolic murmur wh
‘‘shudder’’ from increased stroke volume,
the presence of a diffuse and hyperdy-
namic apical impulse with lateral dis-
placement, and numerous, named signs
for various peripheral manifestations
(Table 5-2). Auscultation of the heart
sounds reveals a soft or absent aortic
component of the second heart sound
and a characteristic decrescendo diastolic
murmur. In chronic, compensated aortic
regurgitation, the severity of regurgita-
tion correlates with the duration rather
than the intensity of the murmur; the
murmur is holodiastolic in severe aortic
regurgitation and is heard only in early
diastole with mild aortic regurgitation.
A systolic ejection murmur reflects the
increased stroke volume. In some cases
of chronic, severe aortic regurgitation,
the regurgitant stream strikes the mitral
valve and the elevations of the left ven-
tricular diastolic pressuremay cause early
and partial closure of the mitral valve,
resulting in a functionally stenotic mitral
valve with an associated diastolic rumble
(the Austin Flint murmur).
Acute aortic regurgitation behaves

entirely differently. None of the com-
pensatory mechanisms involved in the
adaptation of chronic severe regurgita-
tion, such as progressive left ventricular
dilatation and hypertrophy, are possible
with the acute onset of severe regurgi-
tation. Instead, severe, sudden regur-
gitation causes a dramatic rise in left
evere Aortic Valve Regurgitation

FINDING

xceeds pressure in brachial artery
; visible arterial bounding pulse with quick upstroke in

se of the nail beds

over the femoral arteries
orals with proximal compression of the artery by a
en compressed distally
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ventricular diastolic pressure. The in-
ability to augment stroke volume due to
normal ventricular size causes a pro-
found and life-threatening decrease
in forward flow. The only possible com-
pensatory mechanism in the setting of
acute, severe aortic regurgitation is
tachycardia.
Patients with acute aortic regurgitation

are critically ill with respiratory failure
from pulmonary edema, hypotension,
and shock from diminished cardiac
output and a compensatory tachycardia.
Interestingly, despite a dramatic clinical
presentation, the diagnosis of acute
aortic regurgitation may be difficult
because the diastolic murmur is typically
early and soft in acute aortic insuffi-
ciency andmay be obscured by extensive
pulmonary rales from the associated
pulmonary edema. The absence of the
compensatory mechanisms described
previously prevents the development of
the classic peripheral signs of chronic,
severe aortic regurgitation (i.e., wide
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FIGURE 5-1. Example of wide pulse pressure seen in a pa
systolic hypertension, a common feature of chronic aortic reg
pulse pressure, Duroziez’s sign). For these
reasons, prompt diagnosis depends upon
heightened clinical suspicion for the con-
dition; acute aortic regurgitation should
always be considered by the clinician
faced with an acutely ill patient with pul-
monary edema and hypotension of
unclear etiology.
Hemodynamic Findings
In chronic, well-compensated aortic
regurgitation, the hemodynamic find-
ings typically reflect the associated
marked increases in left ventricular vol-
ume and stroke volume. The central
aortic pressure waveform is characterized
by high systolic pressure, low diastolic
pressure, and, consequently, a wide
pulse pressure (Figure 5-1). The marked
increase in stroke volume forms the basis
of several hemodynamic findings. In-
creased systolic flow across an abnormal
valve leads to turbulence and a promi-
nent anacrotic notch during systole on
AO
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tient with severe, chronic aortic regurgitation. Note the
urgitation.



FIGURE 5-2. The anacrotic notch, or shoulder (arrow),
may appear prominently in cases of severe aortic regurgita-
tion due to turbulence associated with the abnormal valve.
Mild stenosis of this bicuspid valve was also present.
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FIGURE 5-3. Marked peripheral amplification in the
femoral artery pressure (arrow) compared to the central
aortic pressure in a patient with severe, chronic aortic
regurgitation.
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the central aortic waveform (Figure 5-2).
The normal physiologic phenomenon of
peripheral amplification is even further
exaggerated, yielding systolic pressures
in the femoral artery greatly exceeding
central aortic pressures (Figure 5-3). This
phenomenon accounts for many of the
peripheral signs of aortic regurgitation
described earlier.

Additional hemodynamic findings re-
flect left ventricular function and the
state of compensation. Asymptomatic
patients with chronic severe aortic
regurgitation whose ventricular function
remains normal and who have achieved
excellent compensation often exhibit
fairly normal, resting hemodynamics,
with the exception of the wide aortic
pulse pressure and marked peripheral
amplification noted. Left ventricular
end-diastolic pressure remains low with
right-sided pressures unaffected. With
the development of symptoms or left
ventricular dysfunction, the left ventric-
ular diastolic pressure rises. Typically,
early diastolic pressure is normal then
rapidly rises by end diastole. The aortic
and ventricular diastolic pressures may
become equal in late diastole, a pheno-
menon known as diastasis (Figure 5-4).
The point at which diastasis occurs
defines the end of the diastolic murmur;
at this time, flow no longer occurs be-
tween the aorta and the left ventricle. This
fact accounts for the shortening of the
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FIGURE 5-4. Simultaneous left ventricular and femoral artery sheath pressure in a patient with severe aortic regurgita-
tion from an old porcine aortic valve prosthesis. Note the rapid rise in left ventricular diastolic pressure and equalization of
the left ventricular end-diastolic and arterial diastolic pressure (diastasis). A systolic pressure gradient also occurs across
this failing prosthetic valve.
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murmur with decompensation and the
associated rise in left ventricular dia-
stolic pressure. The degree of elevation
of the left ventricular end-diastolic pres-
sure with decompensation varies widely;
values in excess of 50 mmHg are not
unheardof (Figure 5-5).With thedevelop-
ment of decompensation, chronic aortic
regurgitation may lead to elevations in
right-sided pressures typically associated
with heart failure.
Chronic severe aortic regurgitationmay

elevate right ventricular end-diastolic
pressure in the absence of elevation of
the pulmonary capillary wedge pressure
or pulmonary artery systolic pressure.
This has been explained on the basis of a
Bernheim effect, in which the increased
left ventricular volume and the elevations
in left ventricular diastolic pressures are
transmitted to the right ventricle, thus
elevating right ventricular pressures.
With chronic aortic regurgitation, the

low aortic diastolic pressure may
adversely affect coronary perfusion. The
combination of decreased coronary per-
fusion coupled with increased demand
from increasedmyocardial mass may lead
to ischemia from supply-versus-demand
mismatch. Importantly, other causes of a
wide pulse pressure exist besides chronic,
severe aortic regurgitation (Figure 5-6).
They include marked bradycardia, severe
systolic hypertension, the presence of a
rigid and inelastic aorta as often seen
in the elderly or in patients with vascular
disease, and the presence of a high output
state as observed in patients with severe



FIGURE 5-5. Marked elevation in the left ventricular
end-diastolic pressure (arrow) in a patient with severe,
chronic aortic regurgitation with recent decompensation.

FIGURE 5-6. A wide pulse pressure may be present on
the aortic pressure tracing in conditions other than aortic
insufficiency. This tracing shows a wide pulse pressure in
an elderly woman with hypertensive heart disease and
no aortic regurgitation.
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anemia, hyperthyroidism, anxiety, sig-
nificant arteriovenous fistulas, or a large
patent ductus.

Hemodynamic findings of acute aor-
tic regurgitation reflect the physiologic
effects of acute volume overload and
diminished forward flow. Left ventricular
diastolic pressure increases with a rapidly
rising slope, obscuring the awave and cul-
minating in marked elevation of the left
ventricular end-diastolic pressure. Diasta-
sis is commonly seen. By mid or late dias-
tole, left ventricular diastolic pressure
may exceed left atrial pressure, resulting
in preclosure of the mitral valve (Figure
5-7). Pulmonary edema and subsequent
elevations in right-sided pressures ensue
with associated hypotension and low
cardiac output from diminished forward
flow, despite a compensatory tachycardia.
An unusual but interesting finding

may be present on the aortic pressure
trace in acute aortic regurgitation. In
the setting of acute, severe aortic regur-
gitation, premature diastolic opening of
the aortic valve may occur from marked
elevations in left ventricular diastolic
pressure. With a prematurely opened
aortic valve, the additional increase in
left ventricular pressure from atrial sys-
tole may transmit to the aortic pressure
wave, inscribing an a wave on the aortic
waveform (Figure 5-8). This rare find-
ing is highly sensitive for acute aortic
regurgitation.3
Angiography in Aortic Regurgitation
Grading the severity of aortic regurgi-
tation in the cardiac catheterization
laboratory is based on angiography and
not hemodynamics. The hemodynamic
abnormalities described provide infor-
mation regarding the physiologic conse-
quences of aortic regurgitation and the
extent of compensation. Nevertheless,
when performing cardiac catheterization
on patients with aortic regurgitation,
both angiography and hemodynamics
are important and provide valuable
complementary information to the clini-
cian regarding this valvular lesion. Echo-
cardiographic methods of grading aortic
regurgitation have been extensively
discussed elsewhere.4

Grading the severity of aortic regurgi-
tation is based on contrast aortography



100

200

LV

PCWP

0 mmHg

FIGURE 5-7. Patient with severe,
acute aortic regurgitation and
marked elevation in the left ventric-
ular diastolic pressure exceeding
the pulmonary capillary wedge
pressure.
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FIGURE 5-8. Premature opening of
the aortic valve in severe, acute aortic
regurgitation may result in transmis-
sion of a pressure wave from atrial
contraction to the aorta and appears
as an a wave on the aortic pressure
trace, as shown here. (Reproduced
with permission from Alexopoulos D,
Sherman W. Unusual hemodynamic
presentation of acute aortic regurgita-
tion following percutaneous balloon
valvuloplasty. Am Heart J 1988;116:
1622–1623.)
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of the ascending aorta, using a pigtail
catheter positioned carefully above
the aortic valve. Optimal opacification
usually requires about 60 mL of iodi-
nated contrast delivered rapidly (flow
rate of 30 mL/sec). A commonly used,
semiquantitative scale for grading aortic
regurgitation is shown in Table 5-3.

The degree of regurgitation can also be
calculated by determining the regurgitant
volume, which is simply a comparison of
the angiographically determined stroke
volume and the forward stroke volume
determined by the Fick or thermodilution
method, as shown by the formula

Regurgitant Fraction ¼
ðStroke VolumeangiographyÞ�
ðStroke VolumeforwardÞ

ðStroke VolumeangiographyÞ
The angiographic stroke volume is esti-
mated from the ventricular volumes
obtained by angiography and is equal
to the difference between end-diastolic
volume and end-systolic volume. The for-
ward stroke volume is calculated by divid-
ing the cardiac output (determined by
either the Fick or thermodilutionmethod)
by the heart rate. Regurgitant fraction of
0%–20% represents mild aortic regurgi-
tation, 20%–40% represents moderate
aortic regurgitation, and >40% indicates
severe aortic regurgitation.
TABLE 5-3. Angiographic Grading of the
Severity of Aortic Regurgitation

1þ Small amount of contrast in the left ventricle
during diastole that clears with each beat
and never completely fills the left
ventricular chamber

2þ Faint opacification of the entire left ventricle
3þ Dense opacification of the left ventricle (as

dense as the aorta)
4þ Complete and dense opacification of the left

ventricle during the first cardiac cycle and
the left ventricle is more densely opacified
than the aorta
Aortic Stenosis
Aortic valve stenosis is one of the most
commonly observed valvular lesions in
clinical practice. Adult patients who
present with aortic stenosis at relatively
younger ages (i.e., less than age 65) typi-
cally have a congenitally bicuspid valve,
whereas patients who present greater
than this age have calcific, tricuspid
aortic valves (termed calcific aortic stenosis
or senile aortic stenosis). Other disease
processes rarely cause aortic valvular
stenosis and include rheumatic heart dis-
ease, radiation-induced valvulitis, Paget’s
disease of bone, and renal failure. Note
the importance of distinguishing aortic
valvular stenosis from related conditions
causing obstruction to left ventricular
outflow, such as hypertrophic obstructive
cardiomyopathy, subvalvular mem-
branes, supravalvular aortic stenosis, or
coarctation of the aorta.
Physiology of Aortic Valve Stenosis
The presence of a pressure gradient
across the aortic valve defines aortic
valvular stenosis. Normally, a small pres-
sure gradient is present very early in sys-
tole when simultaneous left ventricular
and aortic pressures are measured with
sensitive, high-fidelity catheter-tipped
micromanometers that represent an
impulse gradient during the rapid phase
of ventricular ejection.5 The pathologi-
cal gradient of aortic stenosis persists
through systole.
Obstruction leads to pressure overload

of the left ventricle and compensatory
left ventricular hypertrophy. Aortic steno-
sis is progressive. The rate of progression is
variable for any individual, but the annual
increase in pressure gradient averages
7 mmHg, and the annual decrease in aor-
tic valve area averages 0.1 cm2.6 Patients
with aortic stenosis remain asymptomatic
for prolonged periods until valve stenosis
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is severe. Symptoms include anginal chest
pain, caused primarily by subendocardial
ischemia from coronary blood flow sup-
ply-demand mismatch, syncope from a
diminished and fixed cardiac output, and
heart failure. Sudden cardiac death occurs
primarily in symptomatic patients with
severe aortic stenosis; it is rarely observed
in adult patients without symptoms.
Several complex factors impact the

pressure gradient that exists between
the left ventricle and the ascending aorta
in patients with valvular aortic stenosis.
Note the importance of understanding
these components when evaluating the
various techniques used to measure the
degree of valve obstruction. The first set
of factors relates to the complex nature
of fluid mechanics and flow through a
stenotic orifice (Figure 5-9). Theoretical
considerations of flow through a stenotic
orifice predict the presence of intraven-
tricular pressure gradients due to a drop
in pressure from the body of the left ven-
tricle to the outflow tract from a tapering
of the flow field,with subsequent acceler-
ation of blood flow as it approaches the
stenotic orifice. This observation has
been confirmed in patients with valvular
P2

P1

PLV1

PLV2

1

2

3

LA

Aorta
aortic stenosis. Elegant investigations
using micromanometer catheters to pre-
cisely measure chamber pressure in
patients with severe valvular aortic ste-
nosis reveal that subvalvular gradients
comprise nearly half of the total pressure
gradient.7 This observation is critically
important to clinicians using cardiac
catheterization to estimate the severity
of aortic stenosis because failure to prop-
erly position the catheter deep within
the left ventricle may incompletely esti-
mate the true transvalvular gradient.
Fluid dynamic theory also predicts the
phenomenon of pressure recovery. The
maximum pressure drop and the zone of
minimal pressure and maximum velocity
exist at the site of obstruction (vena con-
tracta) with the development of turbu-
lent flow and loss of energy. Distal to the
obstruction, some of this energy is recov-
ered with the reestablishment of laminar
flow, and, consequently, an increase in
pressure occurs from recovery of some
of the pressure dropped across the ste-
notic valve. This phenomenon has been
observed in patients with significant
aortic stenosis, using micromanometer
catheters to carefully measure pressure
FIGURE 5-9. Schematic diagram of
the important factors involved in gener-
ation and interpretation of a pressure
gradient. Intracavitary tapering of the
flow field causes an intraventricular
pressure gradient (1) where pressure at
the apex (PLV1) exceeds pressure below
the aortic valve (PLV2). Just after the site
of obstruction, where maximum veloc-
ity (vena contracta) occurs (2), is the
site of minimal pressure. Turbulence in
this area leads to pressure recovery (3).
Thus, aortic pressure at P1 is lower than
aortic pressure at P2.



FIGURE 5-10. Simultaneous left ventricular and aortic
pressure tracings obtained in a patient with severe aortic
stenosis and atrial fibrillation, demonstrating the varying sys-
tolic pressure gradients associatedwith varyingR–R intervals.
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from the left ventricle to the ascending
aorta.7 The zone of minimal pressure
occurred just above the aortic valve and
the zone of pressure recovery occurred
higher in the ascending aorta. The mag-
nitude of pressure recovery averaged
10 mmHg. Although the fluid-filled
catheters with multiple side-holes used
for clinical estimation of valve area are
unlikely to detect pressure recovery, clin-
icians should be aware of this phenome-
non and position the aortic catheter in
the most proximal location. Neglecting
the concept of pressure recovery and
improper positioning of the aortic cathe-
ter when measuring a transvalvular gra-
dient will lead to underestimation of the
gradient and overestimation of the aortic
valve area with greater disparity observed
with more severely narrowed aortic
valves.8

The second set of factors that affect the
pressure gradient relates to the pressure
gradient being proportional not only to
orifice area, but also to flow across the
valve. Flowwill vary with heart rate, con-
tractile state of the heart, and the degree
of preload and afterload. Thus, flow may
vary from beat to beat and with the res-
piratory cycle. Common arrhythmias,
including marked sinus arrhythmia,
atrial fibrillation with variations in the
R–R interval, and frequent premature
atrial or ventricular beats or intermittent
pacing, will impact greatly on the trans-
valvular pressure gradient (Figure 5-10).
For this reason, the use of invasive tech-
niques to estimate the severity of aortic
valve stenosis mandate simultaneous left
ventricular and aortic pressure measure-
ments and relative stability of these
factors during data collection.
Determination of the Severity of
Aortic Valve Stenosis
Estimating the severity of aortic ste-
nosis often begins with noninvasive
methods using echocardiographic tech-
niques, using Doppler methodology.4

These well-established methods provide
accurate estimations of the extent of
valve narrowing by estimating the trans-
valvular gradients and aortic valve orifice
area. Many clinical decisions are based
on these measurements alone. In some
cases, noninvasive techniques may be
inconclusive, of inadequate quality, or
provide data that are discordant with
the clinical exam or a patient’s symp-
toms. In such cases, clinicians turn to an
invasive assessment.
Invasive methodology applies an adap-

tation of the Gorlin formula to calculate
the area of the stenotic aortic valve. This
technique has been in clinical use for
many years, is fairly simple to calculate
from variables obtained during cathe-
terization, and provides clinicians and
patients an easy-to-visualize number (i.e.,
aortic valve area in cm2).
Gorlin’s Formula for Estimation of
Aortic Valve Area
The mathematical derivation of Gor-
lin’s formula to estimate orifice area is
based on the idealized physics of hydrau-
lic systems and has been explained
during the discussion of mitral valve
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stenosis (see Chapter 4). Gorlin solved
the equation using the valve area of a ste-
notic mitral valve measured at autopsy
from a single patient to determine the
value of the coefficient C to be 0.7 and
then compared the calculated valve area
to the area measured at either autopsy
(six patients) or operation (five patients)
for validation.9 Gorlin noted that the
formula could be adapted to the aortic
valve by using the systolic ejection
period (SEP) to account for the time that
flow occurs across the aortic valve, but
he did not know the value of the coeffi-
cient. This has subsequently never been
determined. Nevertheless, the Gorlin
formula applied to the aortic valve is
generally used as follows:

Aortic Valve Area ¼
Cardiac Output

Heart Rate ðSEPÞð44:5ÞCð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1 � P2

p Þ
The coefficient C has traditionally
been set at 1.0 (based on the assumption
that the effective and anatomic orifice
areas are identical for the aortic valve),
with P1–P2 representing the mean trans-
valvular pressure gradient.
Although Gorlin’s formula for the aor-

tic valve is generally well established by
the cardiology community and has been
the basis of clinical decision making in
valvular heart disease for over a genera-
tion, several important criticisms are
known of the equation, potentially lim-
iting its use. Although the formula cal-
culates a valve area in cm2, the formula
actually provides the effective orifice area
rather than a determination of a true
anatomic area. The formula is based on
an idealized view of a stenotic valve
and assumes that the stenotic orifice is
round and the degree of narrowing is
rigid and fixed. In fact, the usual ste-
notic aortic valve is a highly distorted
orifice and there often remains some
degree of mobility that may vary in the
orifice area, depending on the flow
across the valve. The coefficients used
by the formula are not constant and
may vary with both the size of the gradi-
ent and the cardiac output. In addition,
the formula is not valid in the setting
of significant regurgitation because flow
across the valve represents the summa-
tion of both forward flow and the dif-
ficulty to quantify regurgitant flow.
Finally, Gorlin’s formula depends on
precise measurement of the transvalvu-
lar gradient, systolic ejection period,
and cardiac output, each of which may
represent considerable challenges.
In the majority of patients with aortic

stenosis, the portion of Gorlin’s formula
described in the denominator as heart
rate � systolic ejection period � 44.5 calcu-
lates to around 1000. Thus, Gorlin’s for-
mula can be simplified by the formula
described by Hakki et al.10:

AVA ¼ Cardiac Output in L=min
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pressure Gradient

p

In a study of 60 patients with varying
degrees of aortic stenosis, the calculated
aortic valve area using Hakki’s10 formula
correlated extremely well to valve area
determined by the more complex Gorlin
formula even when peak was substituted
for mean gradient. The observed differ-
ence between the two calculations rarely
exceeded 0.2 cm2, especially in patients
with valve areas less than 0.7 cm2, pro-
viding confidence that a designation of
severe aortic stenosis would not change
dependingon the formula used.Although
valve areas in most patients with moder-
ate degrees of aortic stenosis were within
0.2 cm2, the observed difference in valve
areas between the two formulas was as
high as 0.42 cm2, suggesting that the
more detailed Gorlin formula may be
more appropriate to correctly classify the
stenosis severity in patients with border-
line degrees of stenosis.



FIGURE 5-11. Determination of the SEP for calculation
of the aortic valve area using Gorlin’s formula. Systole
begins when left ventricular and aortic pressures first cross
(point 1) and end at the dicrotic notch (point 2). The sys-
tolic ejection period represents the time from point 1 to
point 2 in seconds. The cardiac cycle ends at point 3.
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An alternative to the gravity-based
Gorlin formula for describing the sever-
ity of valve stenosis is the estimation of
valve resistance.11,12 Resistance simply
relates flow and pressure using Ohm’s
law and is easily calculated as the mean
pressure gradient across the valve divided
by the mean flow rate during systolic
ejection. This measurement does not
require an empiric constant like the Gor-
lin formula and is unlikely to change
under different flow conditions. Unfortu-
nately, this method has not been
embraced by the cardiology community,
likely because the relatively abstract res-
istance units (dynes � sec � cm�5) are
more difficult to conceptualize than an
orifice area.
Application of Gorlin’s Formula for
Estimation of Aortic Valve Area
Gorlin’s formula for calculation of
aortic valve area requires measurement
of cardiac output, systolic ejection
period, heart rate, and mean transvalvu-
lar pressure gradient. Cardiac output is
easily and routinely measured in the car-
diac catheterization laboratory, using
either thermodilution or Fick methods;
however, it should be emphasized that
great care must be taken in making this
determination because small differences
in cardiac output translate to potentially
important changes in the calculated
valve area. Similarly, variations in mea-
surement of the systolic ejection period
may result in differences in valve areas.
The systolic ejection period begins when
intraventricular pressure rises above
aortic pressure. The end of the systolic
ejection period has been variably defined
as either the second left ventricular aortic
pressure crossover point or at the aor-
tic incisura (Figure 5-11). Carefully per-
formed hemodynamic studies have
shown that the aortic incisuramore accu-
rately reflects the end of aortic ejection
rather than the second LV–AO pressure
crossover point.13

Modern-day catheterization laboratories
outfitted with computerized physiologic
recordingsystemsprovideautomatedcal-
culations of aortic valve area, obviating
the need for physicians to recall the for-
mula, to manually measure specific vari-
ables, or to perform the calculations.
The required elements for the Gorlin
formula are either directly entered into
the computer (e.g., cardiac output) or
obtained from computerized analysis of
the waveforms (Figure 5-12). These auto-
mated systems are usually highly accu-
rate; however, the careful physician
should always review the computerized
analysis for errors in measurement of
the gradient, heart rate, or systolic ejec-
tion period, particularly if the waveforms
or surface electrocardiogram contains
artifact or are of poor quality. Patients
with conditions that result in varying
heart rate or changing pressure gradients,
as observed in atrial fibrillation or
marked respiratory variation, require
an analysis of at least ten consecutive
beats for the most accurate estimation
of valve area.



TABLE 5-4.
Methods of Measuring a
Transvalvular Gradient in Aortic
Stenosis

LV via transseptal; AO catheter retrograde above AO
valve

LV retrograde with pressure wire; AO catheter
retrograde above AO valve

LV retrograde with pigtail; AO catheter retrograde
above AO valve

LV and AO retrograde with dual lumen pigtail
LV retrograde with pigtail; AO pressure from side

arm of long sheath
LV retrograde with pigtail; AO pressure from side is

of femoral sheath
LV retrograde with pigtail and ‘‘pullback’’ pressure

from LV to AO

FIGURE 5-12. Example of an automated computerized
analysis for determination of several of the variables
required to calculate aortic valve area with the Gorlin for-
mula. In this case, the computer determined a mean sys-
tolic gradient (white shaded area) of 32.4 mmHg, a heart
rate of 86 beats per minute, and a systolic ejection period
of 0.394 seconds. The cardiac output measured 4.3 L/min
or 4300 mL/min. Thus, the calculated aortic valve area is
0.5 cm2.
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Measurement of the Transvalvular
Pressure Gradient
Confusion often occurs regarding the
various terms used to describe the pres-
sure gradient. The peak-to-peak gradient
is the difference between the peak left
ventricular and aortic systolic pressure
and is often used to quickly report the
transvalvular gradient in the cardiac cath-
eterization laboratory, but it has no phys-
iologic relevance because these peaks
occur at different times. The peak instanta-
neous gradient describes the Doppler-
derived gradient and represents the larg-
est gradient that exists between the left
ventricle and the aorta. Finally, the mean
gradient, used in the Gorlin formula,
represents the average of each instanta-
neous gradient that exists during systole.
Accurate invasive measurement of the

transvalvular pressure gradient represents
the most significant challenge in deter-
mining the severity of aortic valve nar-
rowing. Clinicians use various methods
to obtain this measurement (Table 5-4),14

and many are fraught with the potential
for significant error.
The ideal method takes into account

the presence of intraventricular pressure
gradients and the phenomenon of pres-
sure recovery in the ascending aorta
described earlier and avoids positioning
a catheter across the aortic valve to record
left ventricular pressure, thereby pre-
venting additional orifice obstruction by
the profile of the catheter itself.15 This
ideal catheter configuration can be
achieved by simultaneously recording
pressure from two catheters: one posi-
tioned directly above the aortic valve
from a retrograde approach via the femo-
ral or brachial artery and one placed by a
transseptal approach from the femoral
vein, across the atrial septum and mitral
valve into the body of the left ventricle
toward the apex (Figure 5-13). This tech-
nique may also alleviate the concern
regarding the risk of cerebral embolic
events from retrograde crossing of a
stenotic aortic valve.16,17 However,many
physicians who perform routine diag-
nostic catheterization lack transseptal
catheterization skills, and thus this cath-
eter arrangement is not commonly used
unless the aortic valve cannot be crossed
by a retrograde approach.
An elegant method uses a pressure wire

(designed to assess intracoronary pres-
sure) positioned across the aortic valve,
using a retrograde approach to measure
left ventricular pressure while simulta-
neously measuring aortic pressure from a



FIGURE 5-13. Simultaneous left ventricular and central
aortic pressures in a patient with severe aortic stenosis. To
avoid the presence of a catheter across the aortic valve,
whichmay contribute additional obstruction to flow, the left
ventricular pressure was recorded from a catheter placed
into the left ventricle by a transseptal approach. Central aor-
tic pressure was recorded from a catheter positioned just
above the aortic valve from a retrograde approach via the
femoral artery. Note the marked delay in upstroke, pres-
ence of a crisp dicrotic notch, and lack of time delay on the
central aortic pressure. This method represents the ideal
technique for recording the transvalvular pressure gradient.
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catheter placed just above the aortic
valve. Advantages of this method include
the extremely low profile of the 0.014-
inch pressure wire across the valve, pre-
venting the potential for additional ob-
struction, the generation of high-fidelity
waveforms from the micromanometer
near the wire tip, and the requirement of
only a single arterial site to obtain this
data (Figure 5-14). A major disadvantage
relates to the significant additional cost
of the pressure wire compared to the rela-
tively inexpensive table-mounted trans-
ducers. A detailed description of this
method has been described.14

Simultaneous left ventricular and
aortic pressures can be very accurately
measured from a retrograde catheter
placed across the aortic valve into the
left ventricle and a second catheter posi-
tioned from another arterial site in the
ascending aorta just above the valve.
This arrangement provides high-quality
hemodynamic data but is not very
popular because it requires two arterial
punctures, thereby potentially increas-
ing the risk of a vascular complication.
In addition, the presence of a catheter
across the aortic valve may contribute
additional obstruction, although this
effect is usually small.
The dual lumen pigtail catheter (or

Langston catheter) allows simultaneous
pressure measurements above and below
the valve from a single arterial access site,
thereby avoiding theneed for two arterial
punctures. Criticism of earlier versions
of this catheter centered on the rela-
tively small size of the aortic pressure
lumen, resulting in dampened wave-
forms and loss of fidelity. Current versions
(Vascular Solutions; Minneapolis) of this
catheter perform well (Figure 5-15). Avail-
able in several French sizes (6–8) and
shapes (pigtail, multipurpose A2, and
straight), the aortic side-holes lie about
8 cm from the end of the catheter, allow-
ing positioning well within the ventricle
and just above the aortic valve, in most
cases.
Many physicians favor the use of a

retrograde catheter placed across the
aortic valve to measure left ventricular
pressure while simultaneously recording
the femoral artery sheath side arm pres-
sure as a surrogate for central aortic
pressure. This technique requires using
a sheath at least one French size greater
than the pigtail catheter. Importantly,
the operator must first demonstrate that
the femoral artery is nearly the same as
central aortic pressure before the aortic
valve is crossed. Although this method
may prove adequate in the presence of
a large transvalvular pressure gradient
and good correlation between central
aortic and femoral arterial sheath pres-
sures, this arrangement is fraught with
potential error and may easily mislead
the unwary physician regarding the
severity of aortic valve narrowing. The
error is most likely to have a clinical
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FIGURE 5-14. Simultaneous left ventricular and central aortic pressures in a patient with mild aortic stenosis. Left
ventricular pressure was obtained with a 0.014-inch pressure wire, and central aortic pressure was obtained from a cathe-
ter positioned above the aortic valve using a retrograde approach via the femoral artery.

FIGURE 5-15. Simultaneous left ventricular and central
aortic pressures collected from a dual lumen (Langston)
catheter in a patient with severe aortic stenosis.
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impact when stenosis of moderate sev-
erity is present or if a marked discrep-
ancy occurs between the femoral artery
sheath and central aortic pressure. One
important source of error relates to the
temporal lag between central aortic and
peripheral artery pressure; this time
delay in femoral artery sheath relative
to left ventricular pressure falsely raises
the mean transvalvular pressure gra-
dient. An additional source of error is
due to peripheral amplification, result-
ing in a higher systolic pressure in
the femoral artery compared to the cen-
tral aorta. This will falsely lower the
mean transvalvular pressure gradient.



FIGURE 5-16. Simultaneous recordings from the side
arm of a 7 French femoral arterial (FA) sheath and a dual
lumen pigtail recording central aortic (AO) and left ven-
tricular (LV) pressures in a patient with severe aortic steno-
sis. Note the significant time delay and systolic pressure
amplification apparent on the femoral artery sheath pres-
sure. An overestimation of the gradient occurs because of
the time delay as well as an underestimation due to
peripheral amplification. The effect of these two opposing
errors may, in fact, come close to canceling each other out
and would not likely change the valve area calculation in
most cases of severe aortic stenosis. However, this error
would have more potential impact in borderline cases.
Although phase shifting can correct the time delay, it will
not correct the effect of peripheral amplification and
would only exacerbate the error, leaving the effect of
peripheral amplification unopposed.
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Figure 5-16 depicts the effect of tempo-
ral delay and systolic pressure amplifica-
tion typically observed in cases of aortic
stenosis. These two errors have oppos-
ing effects and, in many cases, actually
negate each other, impacting little on
the valve area calculation. The tempta-
tion to correct for the time delay by
phase shifting the femoral artery sheath
tracing to the left should be resisted
because this will leave the effect of per-
ipheral amplification unopposed and
will actually exacerbate the error.

A major source of error in this tech-
nique occurs when femoral artery sheath
pressure records lower than central aortic
pressure. This can be observed in the
presence of an iliac stenosis from
peripheral vascular disease, vessel tortu-
osity, or when a clot or kink occurs in
the sheath. These common situations
falsely raise the gradient, overestimating
the severity of aortic stenosis. A long
(55 cm) sheath positioned distal to the
origin of the subclavian artery mini-
mizes these effects.18

The final technique for measuring
transvalvular gradient relies on a record-
ing of pressure during pullback from
the left ventricle to the aorta. This
method is simply not a valid means for
measurement of the pressure gradient in
patients with aortic stenosis and should
be used only as a method of screening
for the presence of a gradient in patients
who undergo cardiac catheterization
for definition of coronary anatomy. The
effects of the respiratory cycle, ventricular
ectopy, and rhythm irregularity greatly
impact the pressure gradient; thus, accu-
rate estimation of the gradient man-
dates simultaneous pressure recordings
(Figure 5-17).
The various techniques used to mea-

sure the transvalvular gradient have been
evaluated.19,20 Compared to simulta-
neous left ventricular and central aortic
pressure, the left ventricle to aorta pull-
back method underestimates the degree
of stenosis.19 One study compared the
pressure gradient in 15 patients with
aortic stenosis from 8 different catheter
configurations.20 All eight catheter con-
figurations measured left ventricular
pressure by a retrograde approach from
two positions within the left ventricle:
the body of the left ventricle near the
apex and the outflow tract just below
the aortic valve. For aortic pressure, the
study compared four different methods:
ascending aorta at the level of the coro-
nary arteries, ascending aorta 5 cm distal
to the valve, femoral artery sheath pres-
sure unadjusted for the time delay, and
femoral artery sheath pressure adjusted
(i.e., realigned) for the time delay. Com-
pared to the gradients measured from
catheters in the body of the left ventricle
and the aorta at the level of the coronary
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FIGURE 5-17. Recording of pressure during a pullback from the left ventricle to the aorta. A, The first recording is a
patient with mild aortic stenosis and shows substantial ventricular ectopy during this maneuver. B, A second recording
shows marked respiratory variation. Determination of the presence or extent of a pressure gradient without simultaneous
pressure recordings in these cases is not possible.
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arteries, all other positions underesti-
mated the gradient. Most of the differ-
ence was attributable to the presence of
an intraventricular gradient rather than
pressure recovery stressing the impor-
tance of positioning the catheter in the
body of the left ventricle instead of in
the left ventricular outflow tract. Further-
more, use of an aligned femoral artery
sheath pressure was associated with
substantial underestimation of valve
area. Importantly, patients with moder-
ate aortic stenosis exhibited the maxi-
mum variation (0.3 cm2)—a group in
whom this degree of difference in valve
area may change management decision.
Hemodynamic Findings in
Aortic Stenosis
The calculated valve area is often used
to assign the severity of aortic stenosis.
The designations are somewhat arbitrary;
nevertheless, a valve area >1.2 cm2 is
considered mild because symptoms are
rare without other heart disease; a valve
area calculation of 0.9–1.1 cm2 is often
classified as moderate, with symptoms
seen only during stress, such as fever,
extreme exertion, or tachyarrhythmia.
A calculated valve area <0.8 cm2 repre-
sents severe aortic stenosis, with symp-
toms associated with rest or minimal
exertion. The term critical aortic stenosis
is somewhat of an emotional term to
describe very severe aortic stenosis with
a calculated valve area <0.5–0.7 cm2.
Clinicians must remain mindful of the
limitations in valve area calculation and
not base decisions solely on a number
but to take into account the patient’s
symptoms, ventricular function, com-
pensatory processes, physical exam, and
results of noninvasive tests, in addition
to calculated valve area.4

Mild aortic stenosis results in small
transvalvular gradients, normal aortic
upstroke, and normal right-sided pres-
sures.With severe aortic stenosis, a variety
of interesting hemodynamic findings
are possible. The left ventricular, central
aortic peak-to-peak systolic pressure gradi-
ent generally exceeds 50 mmHg and may
top 100 mmHg. In cases of severe aortic
stenosis, when a retrograde approach is
used to obtain left ventricular pressure,
the profile of the catheter may contribute
to obstruction, adding to the transvalvu-
lar gradient. Thismay be observed as a rise
in the aortic pressure of at least 5 mmHg
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when the catheter is withdrawn from the
left ventricle and is known as Carabello’s
sign after the original observer of this
phenomenon who noted this occurrence
in patients with valve area <0.6 cm2

(Figure 5-18).21

One of the cardinal features of severe
aortic stenosis is the marked delay in
upstroke on the aortic pressure wave-
form. Additionally, a prominent ana-
crotic notch or shoulder may appear
within the upstroke from turbulent flow
across the valve (Figure 5-19). Pulsus
A B

FIGURE 5-19. Example of the marked delay in upstroke on
stenosis. A depicts simultaneous left ventricular and aortic pres
the anacrotic notch on the upstroke of the aortic pressure trac

FIGURE 5-18. Example of Carabello’s sign in severe aor-
tic stenosis. During pullback of a pigtail catheter from the
left ventricle to the aorta, the systolic pressure in the aortic
waveform increases with relief of additional obstruction
caused by the profile of the catheter.
alternans is a rare finding in patients
with severe aortic stenosis and is usually
associated with heart failure and poor
left ventricular function (Figure 5-20).22

Although right-sided pressures are usu-
ally normal unless there is heart failure,
pulmonary hypertension may be seen
in up to a third of patients with severe
aortic stenosis and portends a poor pro-
gnosis, although it generally improves
after aortic valve replacement.23,24
Low Gradient–Low Output Aortic
Stenosis
Aortic stenosis observed in the setting
of severe ventricular dysfunction and a
low cardiac output represents a unique
challenge, especially when associated
with a relatively low (<30 mmHg) trans-
valvular gradient. The low gradient may
indicate one of two conditions, each
managed quite differently. The patient
may truly have severe aortic stenosis
with a low gradient from diminished
cardiac output. If flow is augmented,
the aortic pressure tracing in a patient with severe aortic
sure; B shows aortic and pulmonary artery pressure. Note
ing.
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FIGURE 5-20. Pulsus alternans in a patient with severe aortic stenosis.
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the gradient will rise accordingly. Such a
patient will benefit greatly from aortic
valve replacement. On the other hand,
the presence of marked left ventricular
dysfunction and weak forward flow
may not allow a mildly stenotic aortic
valve to open adequately, giving a false
impression of severe aortic stenosis
(pseudo severe aortic stenosis); valve
replacement will not improve symp-
toms or ventricular function in this
individual, and prognosis is generally
poor with valve surgery.25 In this cir-
cumstance, the valve area is not fixed
but is dependent on flow; increasing
flow will result in no change (or even a
decrease) in the pressure gradient with
a larger calculated aortic valve area. An
additional complicating issue in these
situations relates to the Gorlin formula
being inaccurate in low flow states.26
To sort out these two clinical entities
and determine who will benefit most
from aortic valve replacement is difficult.
Dobutamine infusion has been proposed
as a method to increase flow and can
be applied to both the cardiac catheteri-
zation and echocardiographic evalua-
tions.27,28 However, it is not entirely
clear how dobutamine can best be used
to discriminate patients likely to benefit
from valve replacement. The Mayo
Clinic first described its use in the cardiac
catheterization laboratory to determine
the need for surgery and found severe
aortic stenosis present at surgery in those
whose gradient increased to >30 mmHg
andhad a valve area<1.2 cm2.27 Another
study using echocardiography observed
an operative mortality of only 5% for
patients who exhibited contractile re-
serve (defined as>20% increase in stroke
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volume) compared to 32% for those
without contractile reserve.28 Whether
it is the presence of an increased pressure
gradient, cardiac output or ejection frac-
tion that best selects patients remains to
be determined.
Coexisting Aortic Regurgitation
Significant aortic regurgitation compli-
cates the invasive assessment of aortic
stenosis severity, primarily because Gor-
lin’s formula requires knowledge of
transvalvular flow during systole. The
Fick and thermodilution methods assess
only the effective forward flow, whereas
transvalvular flow in mixed aortic regur-
gitation and stenosis includes regurgi-
tant and forward flow. Using the Fick or
thermodilution methods will underesti-
mate total flow, providing an overestima-
tion of the severity of the stenosis. There
is no consensus on how to correct for
this or how to report the results. Many
clinicians report that the true valve area
is no less than that calculated by Gorlin’s
formula. This may reassure the clinician
in cases of moderate or mild aortic steno-
sis but is not helpful if the calculation
suggests severe aortic stenosis.
Prosthetic Aortic Valves
FIGURE 5-21. Simultaneous left ventricular and central
aortic pressures in a patient with a St. Jude aortic valve
prosthesis. The left ventricular pressure was measured
with a 0.014-inch pressure wire with micromanometer
positioned into the left ventricle, using a retrograde
approach.
The normally functioning prosthetic
valve often results in some degree of
obstruction. The degree of obstruction
depends on the type and size of prosthesis;
expected gradients are often provided
by the manufacturers. Expected gradients
average 0–15 mmHg for bioprosthetic
valves and for St. Jude mechanical valves
in the aortic position, whereas the gradi-
ents seen with the higher profile Starr–
Edward valve range from 0–30 mmHg.
To calculate a valve area is meaningless
when hemodynamically assessing an aor-
tic prosthesis and most clinicians simply
report a pressure gradient. One study of
135 patients with normally functioning
prosthetic aortic valves compared Gorlin-
derived valve area with the actual orifice
area of the prosthesis and, in many
cases, found poor correlation with both
overestimation and underestimation by
>0.25 cm2.29

Measurement of left ventricular pres-
sure in patients with prosthetic valves
requires special attention. Bioprosthetic
valves can be crossed retrograde using
similar methods as for native valves;
mechanical valves cannot be crossed
with conventional catheters in a retro-
grade fashion because of potential
catheter entrapment or propping open
of a leaflet, causing acute severe regur-
gitation, which may not be tolerated.
Traditionally, transseptal puncture has
been used to measure left ventricular
pressure in this setting. Recently, however,
Parnham et al.30 demonstrated the safety
and success of using a 0.014-inch pressure
wire to measure left ventricular pressure
by a retrograde approach in patients with
St. Jude aortic valve prostheses; an exam-
ple is shown in Figure 5-21.
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Aortic Balloon Valvuloplasty
Aortic balloon valvuloplasty for cal-
cific aortic stenosis improves the hemo-
dynamics of severe aortic stenosis to a
modest degree. The average valve area
increases from 0.5–0.8 cm2, peak-to-
peak systolic pressure gradients decrease
from 55–29 mmHg, and small improve-
ments in left ventricular end-diastolic
pressure, pulmonary artery pressure, and
cardiac output are noted.31,32 The high
procedural complication rates coupled
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CH A P T E R 6

Hypertrophic
Cardiomyopathy and
Related Conditions
MICHAEL RAGOSTA, MD
Hypertrophic cardiomyopathy is a
myocardial disorder characterized by the
presence of excessive ventricular hyper-
trophy in the absence of conditions
causing physiologic hypertrophy such
as hypertension, aortic stenosis, or the
athletic heart. Hypertrophy is severe and
often asymmetric; the ventricular sep-
tum is disproportionately involved with
septal thickening in excess of 20 mm.
Viewed microscopically, the myocardium
demonstrates a characteristic pattern of
myocyte fiber disarray and fibrosis.Hyper-
trophic cardiomyopathy is a genetic disor-
der, usually autosomal dominant, and is
the most common form of inherited
heart disease affecting 1 of 500 persons.
Multiple genetic mutations that involve
the cardiac muscle contractile proteins
have been described with the most com-
mongeneticmutation involving the beta-
myosin heavy chain gene. The clinical
presentation andnatural history of hyper-
trophic cardiomyopathy vary widely
from a relative benign and asymptomatic
condition to one characterized by dis-
abling symptoms or sudden cardiac
death.1–4

Impressive and interesting hemody-
namic consequences arise in patients
with hypertrophic cardiomyopathy,
depending onwhether or not ventricular
outflow tract obstruction develops and
manifest as a pressure gradient between
the left ventricle (LV) and the aorta.
Hypertrophic cardiomyopathy is often
classified as obstructive or nonobstructive,
based on the presence of this finding.
When present, the dynamic nature of
obstruction causes marked variability in
pressure gradients, depending on the
loading conditions and contractile state
of the heart. Obstructive forms may
exhibit gradients at rest with pro-
nounced lability in the degree of obstruc-
tion, or obstruction may be latent,
indicating that it is absent at rest and
present after provocation only. The non-
obstructive forms of hypertrophic car-
diomyopathy lack resting or provocable
gradients.
Pathophysiology
Excessive and inappropriate hypertro-
phy leads to several important conse-
quences (Table 6-1). Hypertrophy impairs
left ventricular compliance and diastolic
dysfunction is common, resulting in ele-
vations in the left atrial and pulmonary
artery pressures. This causes symptoms
of dyspnea and exercise intolerance.
Arrhythmias frequently complicate the
course, particularly atrial fibrillation and
nonsustained ventricular tachycardia.
Atrial fibrillation may be poorly toler-
ated because of the presence of associated
diastolic dysfunction and a greater im-
portance of the atrial contribution to
cardiac output. Importantly, arrhythmias
(particularly ventricular) represent the
primary mechanism of sudden cardiac
death, the most dreaded consequence of
hypertrophic cardiomyopathy. An increase
inmyocardial oxygen consumption from
excessive hypertrophy outstrips myo-
cardial blood supply, potentially causing
myocardial ischemia. This may occur des-
pite normal coronary arteries. In addition,
ischemia may originate from reduced
coronary flow reserve from abnormalities
of the small, resistance vessels. Finally, sys-
tolic compression of the coronaries (due
91



TABLE 6-1.
Pathophysiologic and Clinical
Consequences of Hypertrophic
Cardiomyopathy

PATHOPHYSIOLOGIC
ABNORMALITY CLINICAL SYNDROME

Diastolic dysfunction Dyspnea
Exercise intolerance, fatigue
Arrhythmia

Myocardial ischemia Angina
Dyspnea
Arrhythmia

Obstruction Dyspnea
Exercise intolerance, fatigue
Chest pain
Syncope
Endocarditis
Arrhythmia
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to intramyocardial bridging) has been
observed and may cause ischemia.
One of the most important phy-

siologic abnormalities in hypertrophic
cardiomyopathy is the presence of left
ventricular outflow tract obstruction.
A resting or provocable gradient is
observed in about 25%–50% of cases.5

The mechanism of obstruction had pre-
viously been a focus of considerable
AO
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Systole

A
FIGURE 6-1. A, In normal patients, the mitral valve closes du
patients with hypertrophic obstructive cardiomyopathy, distort
causes systolic anterior motion of the mitral valve, the mechani
cardiomyopathy, and is associated with significant mitral regu
debate. However, extensive investigations
over the years have established the role of
systolic anterior motion of the mitral
valve leaflet as the cause of outflow tract
obstruction.5–7 Extreme hypertrophy dis-
torts the normal relationship between
the mitral apparatus and the muscular
outflow tract. The asymmetrically hyper-
trophied proximal intraventricular sep-
tum narrows the orifice of the outflow
tract. Distortion of the ventricle causes
redundancy of the mitral leaflets, leading
to systolic anterior motion (SAM) of the
leaflets, causing obstruction (Figure 6-1).
It was thought that turbulence within
the outflow tract led to a Venturi effect,
drawing the anterior mitral leaflet into
the outflow tract; however, SAM begins
prior to the onset of ejection, suggesting
that the Venturi effect contributes little
to the outflow tract obstruction. Systolic
anterior motion of the mitral valve also
results in mitral regurgitation, explain-
ing the association of significant mitral
regurgitation in the presence of outflow
tract obstruction. Obstruction causes
SAM
AO

LA

MV

Systole

B
ring systole, leaving the outflow tract unobstructed. B, In
ion of ventricular geometry and severe septal hypertrophy
sm of outflow tract obstruction in hypertrophic obstructive
rgitation.
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symptoms of dyspnea, fatigue, exercise
intolerance, anginal chest pain, and
syncope.
Hemodynamic Abnormalities
A wide spectrum of hemodynamic
findings may be observed in patients
with hypertrophic cardiomyopathy and
depends on the consequences of severe
hypertrophy on diastolic function and
on the presence and extent of left ven-
tricular outflow tract obstruction.
Diastolic Dysfunction
FIGURE 6-2. Diastolic dysfunction is common in hyper-
trophic cardiomyopathy. Abnormal relaxation is manifest
by elevation of the early diastolic pressure (arrow).

FIGURE 6-3. A prominent a wave (arrow) that indicates
noncompliance of the LV in a patient with severe, nonob-
structive hypertrophic cardiomyopathy.
Impaired relaxationof theLVrepresents
the predominant diastolic abnormality
associated with the severe hypertrophy
of hypertrophic cardiomyopathy. The
associated increase in chamber stiffness
from increased myocardial mass and
lower chamber volumes also impairs dia-
stolic function.5

Impaired relaxation limits rapid, pas-
sive left ventricular filling occurring in
early diastole. To compensate for reduced
rapid filling, atrial systolic filling is exag-
gerated. This phenomenon is clinically
observed by a prominent fourth heart
sound on physical examination and by
the often dramatic clinical deterioration
seen when patients with hypertrophic
cardiomyopathy develop atrial fibrilla-
tion or other loss in atrial synchrony.

Abnormal diastolic function correlates
with the degree of hypertrophy. Patients
with severe resting gradients have the
highest elevations of left ventricular
end-diastolic pressure compared to those
with latent gradients or no obstruction.5

In addition, there may be abnormalities
in early diastolic pressure. Normally, left
ventricular diastolic pressure is low in
early diastole; patients with hypertro-
phic cardiomyopathy may have marked
elevations in pressure at the beginning of
diastole, reflecting abnormal ventricular
relaxation (Figure 6-2). Reduced compli-
ance of the LV is readily apparent by a
prominent a wave on the left ventricu-
lar waveform (Figure 6-3). Left ventricular
diastolic abnormalities elevate the pul-
monary capillary wedge and pulmonary
artery systolic pressures, and, in some
cases, pulmonary pressuresmay bemark-
edly elevated, ultimately causing struc-
tural changes and increased pulmonary
vascular resistance with fixed pulmo-
nary hypertension similar to chronic
heart failure.
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Left Ventricular Outflow Tract
Obstruction
FIGURE 6-5. In patients with hypertrophic obstructive
cardiomyopathy, the initial upstroke of the aortic pressure
wave is normal, because early ejection is unimpeded. As
obstruction to outflow develops, a fall in pressure occurs,
with a spike-and-dome configuration, as shown.
The dynamic nature of the obstruction
characterizing hypertrophic obstructive
cardiomyopathy possesses important he-
modynamic distinctions from the fixed
obstruction observed in valvular aortic
stenosis. In valvular aortic stenosis, fixed
obstruction impedes ventricular ejection
fairly uniformly throughout systole. This
leads to the characteristic delayed up-
stroke in the aortic pressure waveform
and the presence of a large systolic gra-
dient beginning early in systole andpeak-
ing at maximum left ventricular pressure
(Figure 6-4). In the case of hypertrophic
obstructive cardiomyopathy, no obstruc-
tion exists at the onset of ventricular ejec-
tion. Instead, obstruction progressively
develops during systole as the contrac-
tile force of the LV builds. Early in systole,
left ventricular ejection is relatively
unimpeded, resulting in a brisk, initial
upstroke of the aortic waveform culmi-
nating in a peak systolic pressure. As sys-
tole continues and obstruction reaches a
maximum, aortic pressure drops and the
aortic pressure waveform transforms to
appear similar to valvular stenosis with a
delayed upstroke. This pattern of initial
unimpeded ejection followed by progres-
sive obstruction leads to the characteristic
FIGURE 6-4. Fixed obstruction due to valvular aortic
stenosis causes a marked delay in the upstroke of the aor-
tic pressure wave.
‘‘spike and dome’’ configuration of the
aortic waveform in hypertrophic obstruc-
tive cardiomyopathy and is also responsi-
ble for the bifid pulse described in this
condition (Figure 6-5).
Another hallmark of dynamic obstruc-

tion, and a clinically useful feature dis-
tinguishing hypertrophic obstructive
cardiomyopathy from valvular aortic
stenosis, is the drop in the aortic pulse
pressure in the first normally conducted
beat after the compensatory pause from a
premature ventricular contraction (PVC).
This finding, known as Brockenbrough’s
sign, was first described over 40 years
ago.8 This phenomenon is due to augmen-
tation of the contractile force of the post-
PVC beat. In valvular aortic stenosis with
fixed obstruction, the increased contractile
force of the post-PVC beat increases both
left ventricular and aortic pressures. The
systolic gradient increases from an asso-
ciated increase in cardiac output across
the valve. Importantly, the pulse width
on the aortic pressure waveform also
increases (Figure 6-6). In patients with
dynamic obstruction exemplified by hyper-
trophic obstructive cardiomyopathy, the
increased contractile force of the
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FIGURE 6-6. The LV and aortic
pressures (shown here as the femo-
ral artery [FA] pressure) both in-
crease in the post-PVC beat in a
patient with valvular aortic stenosis,
resulting in an increase in the trans-
valvular gradient and an increase
in the aortic pulse pressure.
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post-PVC beat worsens the degree of
obstruction. This increases the left ven-
tricular systolic pressure and the sys-
tolic gradient but decreases aortic systolic
pressure, narrowing the pulse pressure
(Figure 6-7). The Brockenbrough’s sign
requires an analysis of the aortic wave-
form post-PVC only, because the crucial
feature is simply the narrowing of the
aortic pulse pressure on the post-PVC
beat. The Brockenbrough’s sign distin-
guishes fixed from dynamic obstruction
but also helps distinguish true outflow
tract obstruction from an intraventricular
gradient due to severe hypertrophy and
midcavity obliteration or catheter en-
trapment; the Brockenbrough’s sign is
observed only in the presence of true out-
flow tract obstruction. The absence of
the Brockenbrough’s sign, however, does
not entirely exclude outflow tract ob-
struction. Analysis of the left ventricular
ejection time on the post-PVC beat is
another simple hemodynamic finding
that distinguishes fixed from dynamic
obstruction. The left ventricular ejection
time (LVET) is defined as the time from
the initial upstroke of the aortic pressure



FIGURE 6-7. Patients with hypertrophic obstructive car-
diomyopathy develop worsening obstruction in the post-
PVC beat because of augmented contractility. This results
in the classic Brockenbrough’s sign demonstrated here as
a drop in aortic pulse pressure in the post-PVC beat.

FIGURE 6-8. Obstruction is dynamic in patients with
hypertrophic cardiomyopathy. The left ventricular-aortic
(LV-AO) pressure gradient often varies spontaneously, as
shown. Note the augmentation of the gradient on the
post-PVC beat.

FIGURE 6-9. Provocation of the pressure gradient by
introduction of a premature ventricular beat. The resting,
peak-to-peak systolic gradient in this patient was approxi-
mately 40–50 mmHg and increased to over 140 mmHg
on the post-PVC beat. Note both the Brockenbrough’s
sign and the classic spike-and-dome configuration on
the aortic pressure wave of the post-PVC beat.
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tracing to the dicrotic notch. An increase
of the LVET on the post-PVC beat >20
msec was noted in 11 of 12 patients with
hypertrophic obstructive cardiomyopa-
thy and not in normal patients or those
with valvular aortic stenosis.9

The dynamic nature of the gradient
between the LV and the aorta in hyper-
trophic obstructive cardiomyopathy re-
flects the loading conditions of the
heart as well as the inotropic state of
the myocardium. Significant variations
in the gradient are observed at rest.10

Inspiration causes a decrease in the gra-
dient. Beat-to-beat fluctuations in the
gradient can be seen without changes
in catheter position or in respiratory
status (Figure 6-8).
Patients with latent obstruction lack a

gradient at rest. Provocative maneuvers
should be considered in those without
a resting gradient in whom obstruction
is suspected. A variety of techniques
have been used; any condition reducing
preload or afterload or increasing con-
tractile force augments dynamic obstruc-
tion, unmasking a systolic gradient.
Physiologic-based methods are best. The
simplest method is to induce premature
ventricular contractions with a catheter
in the right or left ventricle (Figure 6-9).
Exercise may be used and is more likely
to accurately reproduce the hemody-
namic condition experienced by the
patient’s clinical syndrome. This is often
difficult to perform in the catheteriza-
tion laboratory, however, and may be
best suited with noninvasive assess-
ment by echocardiography. The Valsalva
maneuver increases intrathoracic pres-
sure lowering preload and thus augments
obstruction.11 TheValsalva is an effective
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method but may be difficult for some
patients to comply correctly. During the
strain phase, left ventricular diastolic
and systolic pressures rise and aortic sys-
tolic pressures fall. The provoked gradi-
ent appears maximal during and at the
end of the strain phase (Figure 6-10).

Pharmacologic techniques for prov-
ocation of a gradient include nitrates
to reduce preload and afterload,11 and
inotropic stimulation to increase con-
tractility. These techniques are problem-
atic and may not accurately reflect the
patient’s true physiologic status. In one
study, a poor correlation existed between
the gradient provoked by nitrates
and the gradient provoked by exercise;
older patients with narrower outflow
tracts had a larger gradient provoked by
nitrates than exercise, whereas patients
who exercised to higher workloads
showed higher gradients with exercise
than nitrates.12 Greater concern relates
to the use of direct inotropic stimulation
with agents such as dobutamine. Expert
panels donot recommend the use of these
agents to decide treatment strategies,1

because it has been well recognized that
FIGURE 6-10. The preload reduction associated with
the strain phase of the Valsalva maneuver worsens
obstruction and augments the pressure gradient in hyper-
trophic obstructive cardiomyopathy. On the left side of
the panel, the resting gradient is seen and measured
about 40 mmHg. The strain phase of the Valsalva maneu-
ver causes a rise in the LV diastolic pressure and a marked
increase in the gradient.
excessive inotropic stimulation may
provoke gradients in normal hearts or in
conditions other than hypertrophic car-
diomyopathy such as, for example, in
the setting of severe hypertrophy.13,14

In addition, administering inotropic
agents in patients with underlying severe
hypertrophic obstructive cardiomyopathy
may be harmful.
Potential Pitfalls in
Hemodynamic Assessment
An important point to emphasize is
that sloppy cardiac catheterization tech-
nique, improper catheter position, or
inattention to several essential details
may confuse the operator or lead to an
erroneous diagnosis. Patients with hyper-
trophic cardiomyopathy who undergo
hemodynamic assessment in the cardiac
catheterization should be approached in
a fashion similar to patients with valvular
aortic stenosis in whom catheterization
is performed to assess the transvalvular
gradient and to calculate orifice area (see
Chapter 5). Therefore, the gradient
between the LV and the ascending aorta
is ideally assessed by recording simulta-
neous LV and ascending aortic pressures.
Although a femoral artery sheath pres-
sure is often used as a surrogate for aortic
pressure after first confirming that the
sheath and aortic pressures are similar,
this introduces potential inaccuracies (see
Chapter 5). A dual lumen catheter can
obviate many of these concerns. The
optimal catheter to record LV pressure
and characterize the outflow tract gradi-
ent is one with an end-hole and two
side-holes near its tip. A pigtail catheter
should specifically be avoided. A pigtail
catheter often underestimates or even
fails to identify the gradient because sev-
eral of its side-holes may lie above the
obstruction (Figure 6-11).
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FIGURE 6-11. The pigtail catheter is not optimal for measurement of a gradient in hypertrophic obstructive cardio-
myopathy. A, Example of the hemodynamics obtained using a pigtail catheter in the LV in a patient with hypertrophic
cardiomyopathy. No gradient is present despite the observation of a spike-and-dome configuration of the simultaneously
obtained femoral artery pressure trace. B, The pigtail catheter was exchanged for an end-hole catheter, and a large
outflow tract gradient became readily apparent.
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FIGURE 6-12. Of importance is to distinguish true outflow tract obstruction from midcavity obstruction, both of which
may demonstrate pressure gradients between the LV and the aorta. A, True outflow tract obstruction is present due to
systolic anterior motion of the mitral valve. Pressure in the ventricular apex (point 3) will be higher than the aorta (point
1), but a gradient will also exist between the aorta (point 1) and the left ventricle at the level of the mitral valve (point 2).
B, In contrast, when midcavity obstruction occurs, a gradient will be present between the left ventricular apex (point 3)
and the aorta (point 1) but not between the aorta (point 1) and the left ventricle at the level of the mitral valve (point 2).
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A gradient between the LV and aorta
may not always represent true outflow
tract obstruction. Another cause of a gra-
dient between the LV and the aorta is
due to midcavity or apical obstruction.
Severe hypertrophy coupled with hyper-
dynamic ventricular function and/or
reduced ventricular volumesmay obliter-
ate the LV cavity from the midportion of
the ventricle to the apex (Figure 6-12).
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A catheter tip in that portion of the ven-
tricle will record high ventricular systolic
pressures and a systolic gradient. In such
cases, other features typical to hypertro-
phic obstructive cardiomyopathy, such
as the Brockenbrough’s sign or a spike-
and-dome configuration to the aortic
waveform, will be absent (Figure 6-13).
Systolic anterior motion of the mitral
valve will specifically be absent, as well
as associated mitral regurgitation. Care-
ful positioning of the catheter in the out-
flow tract will fail to record a systolic
pressure gradient.

A related pitfall occurs when entrap-
ment of the LV catheter tip occurs
A B

C
.

within the excessively hypertrophied
myocardium. This artifact may provide
the appearance of an intraventricular
pressure gradient often confused with
the dynamic obstruction seen in hy-
pertrophic cardiomyopathy. However,
several features suggest artifact rather
than true obstruction.15 First, this
finding is usually seen when the tip of
an end-hole catheter is buried into the
hypertrophied myocardium. The opera-
tor will be unable to draw blood back
from the catheter with absence of pulsa-
tile flow during systole from the discon-
nected catheter. The peak LV systolic
pressure is seen later in systole, usually at
FIGURE 6-13. This set of waveforms was obtained in a
patient with severe hypertrophy to determine if there was
outflow tract obstruction. A, With a dual lumen, end-hole
catheter positioned near the left ventricular apex, no gradi-
ent is present between the left ventricle and the aorta, and
the aortic waveform has a normal morphology. However,
a marked elevation of the left ventricular diastolic
pressure occurs with a prominent a wave. B, Post-PVC,
there appeared to be provocation of a gradient; however,
the aortic pressure wave remained normal in morphology
and the pulse pressure was unchanged. C, A Valsalva
maneuver did not change the gradient. Again, note the
PVC and augmentation of the gradient with the post-PVC
beat, but no change in aortic waveform morphology or
drop in the aortic pulse pressure occurred. These hemody-
namics are most consistent with obstruction in the midcav-
ity location and not true outflow tract obstruction due to
systolic anterior motion of the mitral valve.



Catheter
Entrapment

100

FIGURE 6-14. These tracings
were obtained using an end-hole
catheter in a patient with severe
hypertrophy. The left ventricular
pressure tracings of the post-PVC
beats have a bizarre and spiked
appearance with a peak pressure
that occurs late in systole. The aortic
pressure wave forms do not show a
spike-and-dome morphology or
evidence of the Brockenbrough’s
sign post-PVC. The ventricular pres-
sure tracings likely represent cathe-
ter entrapment artifact.
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the dicrotic notch of the aortic pressure
wave. Repositioning the catheter tip in
the outflow tract at the level of the
mitral valve will confirm the absence of a
trueoutflow tract gradient.Often, the con-
tour of the ventricular waveform appears
bizarre with a narrow, spiked appearance
and an initially normal appearance with
no gradient early in systole (Figure 6-14).
The Brockenbrough’s sign and spike-and-
dome appearance to the aortic pressure
waveform are absent. The LV ejection
time is prolonged in true obstruction and
decreased with entrapment.16
Effects of Treatment
The majority of symptomatic patients
with obstruction are treatedwithmedical
therapy consisting of beta blockers, cal-
cium channel blockers, or disopyramide.
Although beta blockers improve symp-
toms, they have shown inconsistent
effects on reducing the degree of obstruc-
tion or improving diastolic function.17

Verapamil has been more extensively
studied than other calcium channel
blockers in this condition and is asso-
ciated with both modest reductions in
the outflow tract gradient and improved
diastolic function. Disopyramide is effec-
tive at acutely reducing resting or pro-
voked gradients with a 50% reduction in
gradient sustained over 3 years and no
apparent proarrhythmia.18

Patients with continued severe symp-
toms on medical therapy (New York
Heart Association Class 3 or 4) with gra-
dients in excess of 30–50 mmHg at rest
or greater than 50–60 mmHg following
physiologic provocation are candidates
for either surgical myectomy or cathe-
ter-based alcohol septal ablation. The
advantages and disadvantages of these
two approaches continue to supply
bountiful and passionate discussion in
the literature.19,20 Although no rando-
mized data are available to compare the
two techniques, both methods reduce
outflow tract gradients and improve
symptoms with a higher rate of heart
block, requiring permanent pacemaker
placement associated with alcohol sep-
tal ablation.21 Surgical myectomy is a
well-established technique with more
than 4 decades of experience. In the
hands of experienced, dedicated surgical
centers, surgical myectomy is highly
effective at eliminating the outflow tract
gradient in more than 98% of patients
and is associated with excellent long-
term survival similar to the general
population.22,23

The technique for alcohol septal abla-
tion has improved since its inception in
the early 1990s. The technique uses con-
ventional angioplasty equipment but
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requires a sophisticated understanding of
septal anatomy and myocardial perfu-
sion. A detailed description of currently
used techniques and issues has been de-
scribed.24 Appropriate candidates for this
technique include patients with greater
than 1.8 cm septal thickness, Class 3 or 4
symptoms despite medical therapy, and
at least a 30-mmHg resting systolic gra-
dient or more than a 60-mmHg provoc-
able gradient. The technique depends on
the presence of suitable septal anatomy.
Identification of discrete septal perfora-
tors is necessary. Ideally, the septal per-
forators should supply only the proximal
intraventricular septum at the point of
contact between the septum and the
mitral leaflet during systolic anterior
motion. This can be confirmed with
myocardial contrast echocardiography
and selective injection of a myocardial
contrast agent into a candidate septal per-
forator. Also of importance is to demon-
strate that the septal perforator does not
also supply other areas of myocardium
such as the inferior wall. If the septal anat-
omy is appropriate, a small diameter,
over-the-wire balloon is positioned and
inflated to occlude the septal perforator.
Angiographic contrast is injected into
both the lumen of the balloon, to ensure
no spillage into the left anterior descend-
ing artery, and into the left coronary
artery, to show that no anterograde flow
occurs around the balloon. The procedure
requires placement of a temporary pace-
maker because of the high incidence of
transient heart block. Denatured alcohol
(1–5 mL) is slowly injected through the
lumen of the inflated balloon into the
septal perforator and allowed to dwell for
5–10 minutes, causing a dense septal
infarction and, when successful, elimina-
tion of obstruction. The typical hemody-
namic effects obtained from alcohol
septal ablation are provided in Figure 6-15.
The effects on hemodynamics have been
described in large series of patients who
undergo alcohol septal ablation.25 An
immediate improvement occurs in the
outflow tract gradient, which continues
to improve over time (Figure 6-16).
Related Conditions

Apical Variant
A rare variant of hypertrophic car-
diomyopathy, first described by the
Japanese, consists of marked hyper-
trophy that involves only the apex of
the LV. Giant negative T waves on the
precordial leads of the electrocardio-
gram and a characteristic ‘‘spade-shape’’
appearance of the left ventriculogram
confirm the diagnosis. No specific hemo-
dynamic feature is characteristic of apical
hypertrophic cardiomyopathy. Similar to
other patients with severe hypertrophy,
diastolic abnormalities may be observed
(Figure 6-17). Because this condition is
not associated with LV outflow tract
obstruction, no outflow tract gradient,
spike-and-dome configuration, or Brock-
enbrough’s sign is present. Symptoms
such as dyspnea are due to diastolic
abnormalities. This condition is not asso-
ciatedwith sudden cardiac death and car-
ries a relatively benign prognosis with
the major morbidity due to atrial
arrhythmias.26
Acquired Obstruction
Dynamic LV outflow tract obstruction
can be seen in conditions other than
hypertrophic obstructive cardiomyopa-
thy. The mechanism of obstruction is
similar and is due to systolic anterior
motion of the mitral valve. It has been
reported in the setting of severe, con-
centric LV hypertrophy from hyperten-
sion or aortic stenosis, particularly
under excessive inotropic stimulation
or severe volume depletion. In addition,
dynamic outflow tract obstruction due
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FIGURE 6-15. Alcohol septal ablation results in immediate improvement in the hemodynamics of hypertropic cardio-
myopathy. A, At rest, a gradient of nearly 60 mmHg is present. B, Coronary angiography confirmed the presence of a
suitable first septal perforator. C, A small, 2.0-mm over-the-wire balloon was positioned in this branch and inflated to
temporarily obstruct flow. D, The pressure gradient during balloon inflation immediately decreased to 10–15 mmHg.
E, Alcohol was injected through the balloon lumen while the balloon was inflated, and the hemodynamics obtained
immediately after alcohol delivery showed resolution of the pressure gradient. F, The septal perforator typically occludes
on the post-procedure angiography in successful cases.
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Months after alcohol septal ablation
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FIGURE 6-16. Time course of pressure gradient
changes after alcohol septal ablation. Continued improve-
ment occurs in the pressure gradient after the initial pro-
cedure. (From Fernandes VL, Nagueh SF, Franklin J, et al.
A prospective follow-up of alcohol septal ablation for
symptomatic hypertrophic obstructive cardiomyopa-
thy—The Baylor experience (1996–2002). Clin Cardiol
2005;28:124–130, with permission.)
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to systolic anterior motion of the mitral
valve has been described as a rare occur-
rence in the setting of an acute anterior
myocardial infarction orwithmyocardial
‘‘stunning’’ in the setting of an acute cor-
onary syndrome when excessive basal
0 0 mmHg
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FIGURE 6-17. Abnormal dia-
stolic function in a patient with
apical variant of hypertrophic car-
diomyopathy. Diastolic pressure is
highest early in diastole, represent-
ing abnormal relaxation. LVEDP,
Left ventricular end-diastolic pres-
sure; PCWP, pulmonary capillary
wedge pressure.
left ventricular hypercontractility is pres-
ent.27–32 In fact, it should be considered
in the differential diagnosis of cardio-
genic shock in patients with acute
infarction.
A very unusual but interesting exam-

ple of a patient with acquired obstruc-
tion is shown in Figure 6-18. This
patient presented to the emergency
room with acute onset of unresponsive-
ness and profound hypotension, with
an electrocardiogram that demonstrated a
left bundle branch block and an emergent,
quickly performed bedside echocardio-
gram that showed hypokinesis of the
anterior wall. The patient was thought to
be in cardiogenic shock and therefore
underwent emergent catheterization,
revealing normal coronary arteriography.
The hemodynamics suggested outflow
tract obstruction. Left ventriculogram
confirmed an anterior wall motion ab-
normality, and repeat echocardiography
PCWP
LVEDP

mmHg
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FIGURE 6-18. Left ventricular outflow tract obstruc-
tion may be due to causes other than hypertrophic car-
diomyopathy, as shown. This tracing was obtained in
a profoundly hypotensive, unresponsive patient taken
emergently to the cardiac catheterization laboratory. The
coronary arteries were normal. A large gradient is present
on simultaneous LV-AO pressure tracings, and echocardi-
ography confirmed a large anterior wall motion abnor-
mality and systolic anterior motion of the mitral valve.
The patient was found to have a subarachnoid hemor-
rhage with neurogenic stunning of the left ventricle and
acquired outflow tract obstruction.
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revealed systolic anterior motion of the
mitral valve as the mechanism of obst-
ruction without evidence of ventricular
hypertrophy. The patient was found to
have a subarachnoid hemorrhage with
neurogenic stunning of the anterior wall
and acquired obstruction.
Subaortic Membrane
In contrast to hypertrophic obstructive
cardiomyopathy, in which LV obstruc-
tion is due to systolic anterior motion
of the mitral valve, the outflow tract
obstruction seen in association with a
subaorticmembrane is causedby the ana-
tomic presence of a discrete membrane,
a fibromuscular ridge, or a fibromuscular
tunnel that narrows the outflow tract.
In addition to the usual symptoms attrib-
uted to obstruction, the high velocity jet
may cause progressive and severe aortic
regurgitation.
The hemodynamic effects of a subaor-

tic membrane appear similar to those of
valvular aortic stenosis. Distinguishing
the two conditions requires careful cath-
eterization technique. The membrane
lies only about 1 cm below the aortic
valve. If a pigtail catheter is used to
assess LV pressure, it will not discrimi-
nate the precise location of the obstruc-
tion because of the numerous side-holes
on the catheter. An end-hole catheter is
better suited to determine the exact
level of obstruction within the outflow
tract. Simultaneous aortic and LV pres-
sure waveforms (using an end-hole cath-
eter) document a large systolic pressure
gradient. As the ventricular catheter is
withdrawn, a pressure gradient within
the ventricle will appear to exist just
below the aortic valve. No pressure gra-
dient is present across the aortic valve.
Although both hypertrophic ob-

structive cardiomyopathy and subaortic
membranes exhibit LV outflow tract
obstruction, obstruction from a subaor-
tic membrane is fixed and thus will
behave more like valvular aortic stenosis
than hypertrophic obstructive cardio-
myopathy. Similar to valvular stenosis,
early ejection will be impaired and
no spike-and-dome configuration is pre-
sent to the aortic waveform, as seen
with dynamic obstruction. The Brocken-
brough’s sign is usually absent, although
it may rarely be seen when a predomi-
nantly muscular component exists to
the membrane.
Supravalvular Aortic Stenosis
Supravalvular aortic stenosis is a rare
condition in which the level of obstruc-
tion is above the aortic valve in the
ascending aorta. It has classically been
described in association with William’s
syndrome (elfin facies, peripheral pulmo-
nary artery stenosis, coarctation of the
aorta, and supravalvular aortic stenosis)
but is actually more commonly observed
as an isolated, sporadic form. Rarely, it
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may appear as a familial autosomal dom-
inant form associated with peripheral
pulmonary artery stenosis.

The hemodynamic findings of supra-
valvular aortic stenosis are shown in
A

B
FIGURE 6-19. Simultaneous left ventricular and femoral art
stenosis. A, A pressure gradient exists between the left ventric
above the aortic valve and the femoral artery on pullback from
drawal above the aortic valve in the ascending aorta discerns
Figure 6-19. A gradient is present between
the LV and the femoral artery sheath
pressure. As the LV catheter is withdrawn
across the aortic valve, the absence of
systolic pressure gradient between the
ery pressure tracings in a patient with supravalvular aortic
le and the femoral artery (left of panel) and the aorta just
the ventricle (right of panel). B, Continued catheter with-

the precise location of obstruction.
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LV and the proximal few centimeters of
the aorta is apparent. This findingexcludes
the presence of valvular or subvalvular
stenosis. As the catheter is withdrawn fur-
ther, the precise location of the pressure
gradient is identified in the ascending
aorta. Coarctation of the aorta exhibits
similar hemodynamics with the systolic
pressure gradient localized in the descend-
ing aorta at the ligamentum arteriosum.
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Right-Sided Heart
Disorders:
Hemodynamics of
the Tricuspid and
Pulmonic Valves and
Pulmonary
Hypertension
MICHAEL RAGOSTA, MD
After Werner Forssmann boldly inser-
ted aurological catheter intohis own right
atrium, the right heart became accessi-
ble to clinical investigation, allowing the
study of right-heart physiology in both
normal and diseased states.1Many cardiac
diseases influence right-heart hemody-
namics. The primary cause of right-heart
failure is left-heart failure; therefore, the
myriad cardiac disorders associated with
left-heart failure often impact right-heart
hemodynamics. In addition, right ven-
tricular infarction, congenital heart dis-
eases, and disorders of the pericardium
affect right-heart hemodynamics. These
aspects are extensively covered in the
corresponding chapters. This chapter will
focus on disorders unique to the right
heart, including tricuspid and pul-
monic valvular diseases and the effect of
pulmonary hypertension.
Tricuspid Valve Stenosis
This rare valvular lesion is most often
due to rheumatic heart disease and is
almost always associated with mitral ste-
nosis; isolated rheumatic tricuspid steno-
sis is rare.2 Very rarely, tricuspid stenosis
is caused by other conditions, including
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carcinoid syndrome, endomyocardial
fibrosis, congenital tricuspid valve steno-
sis, pacemaker lead–related leaflet fibro-
sis, atrial myxoma, or prosthetic valve
dysfunction (both bioprosthetic and
mechanical).
Tricuspid stenosis impairs right atrial

emptying and elevates right atrial pres-
sure. Diminished filling of the right
ventricle reduces cardiac output. The
combination of tricuspid and mitral ste-
nosis reduces the cardiac output to levels
lower than expected on the basis of either
valvular lesion alone. Clinical conse-
quences of severe tricuspid stenosis
include fatigue, elevated jugular veins,
peripheral edema, hepatic congestion,
and ascites. If unsuspected, the diagnosis
may prove challenging because symp-
toms mimic other conditions such as
pericardial disease, cirrhosis of the liver,
or pulmonary hypertension, which
may, in fact, be present from associated
mitral stenosis.
The hemodynamic abnormalities ob-

served in tricuspid stenosis have been
well described.3–6 Right atrial pressure is
elevated. The a wave reaches giant pro-
portions in patients in normal sinus
rhythm and may exceed 20 mmHg.
However, an enlarged a wave is not spe-
cific for tricuspid stenosis because it may
be seen in the presence of pulmonary
hypertension and right ventricular
hypertrophy; although, in the absence
of pulmonary hypertension, a promi-
nent a wave supports a diagnosis of
tricuspid stenosis.
Similar to mitral stenosis, the presence

of a pressure gradient observed while
simultaneously measuring pressure in
the right atrium and right ventricle dur-
ing diastole characterizes tricuspid valve
stenosis (Figure 7-1). Because of the
lower right-sided pressures, the relatively
lower cardiac output and greater size of
the tricuspid orifice as compared to the
mitral valve, the observed gradients are



FIGURE 7-1. These hemodynamics were obtained from a 19-year-old patient with a mechanical (tilting disc) tricuspid
valve presenting with severe right-sided heart failure and thrombosis of the mechanical valve. The right ventricular pres-
sure waveform was obtained via right ventricular puncture. A, The right atrial pressure is markedly elevated with a prom-
inent a wave and a large diastolic pressure gradient. This case differs from the more commonly seen (B) rheumatic
tricuspid stenosis, which typically also has associated mitral stenosis, absent in this case (simultaneous left ventricular
and left atrial pressure).
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correspondingly relatively small, ranging
from 2–12 mmHg with 90% of gradients
less than 7 mmHg.6 Amean diastolic gra-
dient >2 mmHg is diagnostic of tricus-
pid stenosis. Small gradients (2–3 mmHg)
that exist only in early diastole may be
observed in patients with predominantly
tricuspid regurgitation without signifi-
cant stenosis.3,6 In patients with tricus-
pid stenosis and normal sinus rhythm, a
small pressure gradient early in diastole
increases at end-diastole because of the
rise in atrial pressure from atrial contrac-
tion. For patients with atrial fibrillation,
right atrial pressure remains uniformly
elevated throughout the cardiac cycle,
and the pressure gradient is greatest in
early diastole when the right ventricular
diastolic pressure is lowest. The transtri-
cuspid valve pressure gradient increases
with inspiration, predominantly due to
a fall in the diastolic pressure with inspi-
ration. The gradient increases with exer-
cise due to an increase in the right atrial
pressure. An increase in volume will also
increase the gradient.
Calculation of the tricuspid valve orif-
ice areahas been estimated, usingGorlin’s
formula (see Chapter 4). Similar to mitral
stenosis, the mean pressure gradient
across the valve, the diastolic filling
period, the heart rate, and the cardiac
output are the important measured vari-
ables entered into the formula; however,
unlike the mitral valve, the coefficient
has not been determined and has been
arbitrarily set at 1.0 (similar to the aortic
valve area). The formula has not been
well validated in tricuspid stenosis, altho-
ugh small series have correlated the calcu-
lated valve area with the area determined
at surgery.6 Similar to mitral stenosis with
associated mitral regurgitation, if there
is associated tricuspid regurgitation,
Gorlin’s formula will underestimate the
valve area because the true transvalvular
flow is not known.
Tricuspid Valve Regurgitation
This represents the most commonly
encountered right-sided valvular heart
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lesion. Mild-to-moderate degrees of tri-
cuspid regurgitation are very commonly
detected on 2D echocardiography and
are of little to no significance. Severe
tricuspid regurgitation, however, is an
important valvular lesion that causes
progressive right-heart failure and incre-
ased mortality.7 Among the numerous
possible etiologies (Table 7-1), functional
tricuspid regurgitation from right ven-
tricular pressure or volume overload
accounts for most cases; primary regurgi-
tation due to organic tricuspid valve
pathology is much less prevalent.8 Com-
mon in patients with rheumatic heart
disease (with a prevalence of nearly 40%
in patients with mitral stenosis), tricus-
pid regurgitation is due to several poten-
tial mechanisms, including rheumatic
tricuspid valve involvement (primary tri-
cuspid regurgitation) or functional regur-
gitation as a consequence of pressure or
volume overload of the right ventricle.9

Elucidation of the mechanism of tricus-
pid regurgitation seen in association with
rheumatic mitral stenosis is important
for proper treatment. Observation of
normal pulmonary pressures suggests
TABLE 7-1. Causes of Tricuspid Regurgitation

STRUCTURALLY NORMAL TRICUSPID VALVE
(FUNCTIONAL TRICUSPID REGURGITATION)

Annular dilatation from volume or pressure
overload
Atrial septal defect
Right ventricular infarction
Congestive heart failure
Pulmonary hypertension
Post-heart transplantation

STRUCTURALLY ABNORMAL TRICUSPID VALVE

Rheumatic heart disease
Carcinoid
Radiation-induced valvular regurgitation
Endocarditis
Trauma
Right ventricular biopsy induced
Pacemaker-lead induced
Myxomatous degeneration
primary valve disease. In patients with
pulmonary hypertension, echocardiogra-
phy can help distinguish functional reg-
urgitation from organic tricuspid valve
disease.
Tricuspid regurgitation causes volume

overload of the right ventricle and atrium.
Over time, the right ventricle dilates
further, worsening the degree of regurgi-
tation. In the presence of pulmonary
hypertension, severe tricuspid regurgita-
tion causes both volume and pressure
overload and is less well tolerated, leading
to earlier onset of symptoms. Symptoms
of severe tricuspid regurgitation reflect
right-heart failure and include edema,
ascites, distended neck veins, and pro-
found fatigue from decreased cardiac
output.
The hemodynamic abnormalities of

severe tricuspid regurgitation include ele-
vation of right atrial pressure, decreased
cardiac output, and abnormalities of the
right atrial pressure waveform. Because
the jugular veins mirror the abnormal-
ities present in the right atrium, it is no
surprise that the characteristic atrial
waveform abnormalities attributed to tri-
cuspid regurgitation were first observed
on analysis of jugular venous pressure
waveforms10 (Figure 7-2). Normally, an x
descent exists on the right atrial wave-
form, reflecting descent of the base of
the heart during systole. Classically, in
tricuspid regurgitation, the x descent is
attenuated (Figure 7-3). The x descent
ultimately disappears and is replaced by
a systolic wave with a peak-dome contour
often termed the c-v wave.1,11–13 The
v wave is classically prominent, and the
y descent is very rapid (Figure 7-4). Ven-
tricularization of the right atrial pressure
waveform may occur (Figure 7-5). In
some cases, the right atrial pressure wave
is nearly indistinguishable from the right
ventricular pressure contour (Figure 7-6).
The v wave may increase further during
exercise.



FIGURE 7-3. Right atrial waveform from a patient with
secondary tricuspid regurgitation from associated severe
left-sided heart failure and right-sided heart failure. Atten-
uation of the x descent is present, leading to a prominent
c-v wave.

FIGURE 7-4. Right atrial waveform in severe tricuspid
regurgitation demonstrating absence of the x descent and
a large c-v wave with a prominent y descent.
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FIGURE 7-2. Venous pressure waveform in severe tricuspid regurgitation demonstrating a large c-v wave. (From Messer
AL, Hurst JW, Rappaport MB, Sprague HB. A study of the venous pulse in tricuspid valve disease. Circulation 1950;1:388–
393, with permission.)
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Unfortunately, these hemodynamic
findings are not always helpful to diag-
nose tricuspid regurgitation. Atrial fibril-
lation without tricuspid regurgitation
may distort the atrial waveform in a simi-
lar fashion with absence of the x descent
(because no atrial contraction is present),
causing the c-vwave to appear prominent
and similar to that of tricuspid regurgi-
tation.13,14 Similarly, finding a normal
right atrial pressure, normal x descent
and absence of prominent v waves do
not exclude significant tricuspid regur-
gitation.14–16 Ventricularization of right
atrial pressure is very specific for severe tri-
cuspid regurgitation but is seen in only
40% of patients.16 Similar to mitral regur-
gitation, the size of the vwave in tricuspid
regurgitation depends upon the volume
status and compliance of the right atrium
and does not necessarily correlate with
the presence or severity of tricuspid regur-
gitation.17A subtlehemodynamic finding
is perhaps more sensitive for tricuspid
regurgitation. Instead of the normal fall
in right atrial pressure with inspiration,
one study found that all patients with
tricuspid regurgitation demonstrated
either a rise or no change in right atrial
pressure during deep inspiration.16 This
finding was very sensitive for tricuspid
regurgitation but was also apparent in
several patients with severe (>90 mmHg)
pulmonary hypertension; thus, in the
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FIGURE 7-6. Severe tricuspid regurgitation may result in complete ventricularization of the right atrial waveform.
A, The right ventricular pressure wave; note the (B) nearly indistinguishable appearance of the right atrial waveform.

A B

FIGURE 7-5. These tracings were obtained from a patient with severe tricuspid regurgitation due to profound biven-
tricular heart failure. A, The right atrial waveform shows ventricularization. Compare this to (B), the right ventricular
waveform from this patient.
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absence of severe pulmonary hyperten-
sion, this sign may help diagnose tricus-
pid regurgitation. In contrast to mitral
regurgitation, angiographic assessment
of tricuspid regurgitation is problematic
and rarely used, because the presence of a
catheter across the tricuspid valve to per-
form right ventriculography may inter-
fere with tricuspid valve function and
cause regurgitation; however, thismethod
is useful for proving the absence of tricus-
pid regurgitation.
Some of the clinical and hemodynamic

aspects of severe tricuspid regurgitation
may be confused with constrictive peri-
carditis.18 The predominant symptoms
of both conditions (edema, ascites, prom-
inent neck veins, and fatigue) are very
similar. In addition, the right atrial pres-
sure waveform may appear similar with a
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prominent y descent, particularly if the
patient’s rhythm is atrial fibrillation. The
finding of ventricular interdependence is
an important clue that may distinguish
these two conditions19 (see Chapter 8).

Cardiac output determination using
the thermodilution method may be
problematic in patientswith tricuspid reg-
urgitation because severe degrees of regur-
gitation underestimate the cardiac
output.20 The Fick methodology is more
accurate in this setting.
Pulmonic Valve stenosis
Pulmonic stenosis is the most com-
mon abnormality of the pulmonary valve
and is nearly always due to congenital
causes. It may be seen in association with
other congenital heart defects or exist in
isolation. Often detected in childhood,
pulmonic stenosis rarely presents in
adults. In the majority of cases, the valve
FIGURE 7-7. Right-heart pressures obtained in an infant w
pulmonary artery pressure measured 15 mmHg with (B), a ri
80 mmHg.
leaflets are fused and amenable to balloon
or surgical valvotomy. The 10%–15% of
pulmonic valves stenosed from dyspla-
stic conditions (as seen in association
with Noonan’s syndrome) are often not
treatable by valvotomy.
Obstruction causes a pressure gradient

across the pulmonic valve, with right
ventricle systolic pressure exceeding pul-
monary artery systolic pressure (Figure
7-7).21 Pressure overload and subsequ-
ent hypertrophy of the right ventricle
ensues. The hemodynamic abnormalities
depend upon the severity of stenosis and
the cardiac output. In mild cases, the
pressure gradient across the pulmonic
valve is less than 20 mmHg, and the car-
diac output increases normally with exer-
cise.21,22 With severe pulmonic stenosis,
the pressure gradient exceeds 40 mmHg
and may reach very high levels
(>100 mmHg), causing the right ventric-
ular pressure to equal systemic arterial
ith severe, congenital pulmonic stenosis. A, The systolic
ght ventricular pressure reaching systemic levels at nearly
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pressures. The right ventricular stroke
volume is fixed and unable to augment
with exercise.22 In addition, because of
diminished right ventricular compliance
from concentric hypertrophy of the right
ventricle, severe pulmonic stenosis ele-
vates right ventricular end-diastolic pres-
sure, both at rest and with exercise. An
elevated right ventricular end-diastolic
pressure may raise right atrial pressure
and cause right-to-left shunting if there
is a patent foramen ovale leading to
cyanosis or paradoxical embolism. Fur-
thermore, right ventricular diastolic
pressure rises have been associated with
elevations in left ventricular end- diastolic
pressures likely from interactions via
the septum.23 Interestingly, many indivi-
duals are asymptomatic even with severe
stenosis. Symptoms of severe stenosis
include dyspnea, fatigue, syncope, and
exercise intolerance.
Valve area can be calculated using Gor-

lin’s formula, as described in Chapter 4,
A B

FIGURE 7-8. Balloon valvuloplasty performed in the patientm
gradient between the pulmonary artery (A) and the right ventr
and adapted to the pulmonic valve.24

However, most clinicians classify the
severity of pulmonic stenosis and base
treatment decisions upon the extent of
the transvalvular gradient alone. Current
guidelines recommend either surgical
or balloon valvuloplasty for symptom-
atic patients with a peak systolic gra-
dient >30 mmHg by catheterization or
for asymptomatic patients with a peak
systolic gradient >40 mmHg.25 Out-
comes with balloon valvuloplasty are
excellent with little chance of recurrence
(Figure 7-8).
Related conditions that cause similar

physiologic and hemodynamic effects
on the right heart include peripheral
pulmonary artery stenosis (discussed in
Chapter 11) and right ventricular infun-
dibular stenosis. Infundibular stenosis
is commonly associated with severe
pulmonic stenosis because compensa-
tory right ventricular hypertrophy nar-
rows and obstructs the outflow tract.
entioned in Figure 7-7 resulted in elimination of the pressure
icle (B).
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With relief of valvular obstruction,
hypertrophy regresses and the extent of
infundibular stenosis regresses.26
Pulmonic Valve Regurgitation
Pulmonary insufficiency is uncommon
and most often seen in association with
congenital heart disease, typically as a
consequence of either surgical or balloon
valvulotomy for pulmonic stenosis or
from repair of tetralogy of Fallot (see
Chapter 11). Other causes include rheu-
matic heart disease, endocarditis, dilata-
tion of the pulmonary artery (either
idiopathic or from pulmonary hyper-
tension), traumatic disruption of the
pulmonic valve, syphilis, or an isolated
congenital defect.27,28 The low pressure
circuit of the right heart causes pulmo-
nary regurgitation to behave differently
than aortic regurgitation.29 Right atrial
contraction can maintain forward pul-
monary blood flow despite severe regur-
gitation, and the pulmonary resistance
is typically very low, allowing blood to
easily pass through the lungs and pre
venting significant backward flow dur-
ing diastole. Thus, the volume overload
on the right ventricle is substantially less
than that seen in severe aortic regurgita-
tion and allows this lesion to be toler-
ated for longer periods. Conditions
m
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FIGURE 7-9. Diastasis of pressure between
the right ventricle and pulmonary artery pres-
sure is a hemodynamic finding of severe
pulmonic insufficiency. (From Nemickas R,
Roberts J, Gunnar RM, Tobin JR. Isolated con-
genital pulmonic insufficiency. Differentiation
of mild from severe regurgitation. Am J Cardiol
1964;14:456–463, with permission.)
that increase pulmonary vascular resis-
tance, however, will increase the regur-
gitant volume and may lead to
detrimental effects. Eventually, the right
ventricle dilates and becomes dysfunc-
tional, leading to reduced exercise
capacity and right-heart failure.
The hemodynamic abnormalities re-

flect the severity of pulmonic regurgita-
tion. Patients with severe pulmonary
regurgitation demonstrate an increased
pulse pressure, a rapid dicrotic collapse,
and early equilibration of the diastolic
pressures between the pulmonary artery
and right ventricle27,28,30 (Figures 7-9 and
7-10). Milder forms of pulmonary regurgi-
tation affect the pulse pressure to a lesser
degree and equilibration of the pressure
between the right ventricle and pulmo-
nary artery occurs only at end-diastole.
Pulmonary Hypertension
The normal pulmonary artery systolic
pressure is<25 mmHg.Pulmonaryhyper-
tension has been variably defined
using several criteria. Recent expert
consensus defines pulmonary hyperten-
sion as a mean pulmonary artery
pressure >25 mmHg, in the setting of a
pulmonary capillary wedge pressure
<15 mmHg, and normal or reduced car-
diac output or by a pulmonary vascular
P.A.
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FIGURE7-10. These tracingswere
obtained from a patient with severe
pulmonic insufficiency after surgical
correction of tetralogy of Fallot.
A,The right ventricular pressure.
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resistance in excess of 3 Wood units.31

Pulmonary vascular resistance (PVR) is
easily calculated using Ohm’s Law in
Wood units, as follows:
PVR ¼
ðMean pulmonary artery pressureÞ

� ðMean wedge pressureÞ
Cardiac output

Multiplying the resistance calcu-

lated in Wood units by 80 converts to
the resistance units of dynes-sec-cm5; a
normal pulmonary vascular resistance
is roughly 70 dynes-sec-cm5.
Pulmonary hypertension is often clas-
sified as primary, if cause is not known,
or secondary, if hypertension is due to an
identifiable, underlying cause. Primary
pulmonary hypertension is a rare disor-
der of unknown cause characterized
by increased pulmonary vascular resis-
tance due to structural changes in the
pulmonary vasculature.31,32 Secondary
pulmonary hypertension is more com-
mon and can be seen in association with
multiple, diverse conditions that either
raise pulmonary venous pressure and,
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FIGURE 7-10—cont’d. B, The
pulmonary artery pressure. Note
the wide pulse pressure on the pul-
monary artery tracing with equili-
bration of diastolic pressures.
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consequently, the pulmonary arterial
pressure or increase the pulmonary vascu-
lar resistance. The World Health Organi-
zation classifies the causes of pulmonary
hypertension based on the underlying
pathophysiology leading to elevated pul-
monary pressures. This classification
scheme and the more commonly
observed causes of secondary pulmonary
hypertension are presented in Table 7-2.

In most cases of secondary pulmonary
hypertension, the underlying cause is
obvious and dominates the clinical pre-
sentation. For example, the most com-
mon cause of pulmonary hypertension
seen by most adult cardiologists in the
United States is from pulmonary venous
hypertension due to the multiple left-
sided heart diseases that raise left atrial
pressure, such as congestive heart failure
and left-sided valvular disorders. In addi-
tion, many of the pulmonary diseases
that cause pulmonary hypertension are
clinically apparent when pulmonary
hypertension is diagnosed.
On occasion, physicians are surprised

to discover pulmonary hypertension,
either by echocardiography or during per-
formance of right-heart catheterization,
and there is no readily apparent cause.



TABLE 7-2. World Health Organization Classification of Pulmonary Hypertension (partial list)

I. PRIMARY ARTERIAL HYPERTENSION

Primary pulmonary hypertension (idiopathic)
Related to:

Collagen vascular diseases (scleroderma, lupus, etc.)
Congenital heart disease with left-to-right shunt
Ventricular septal defect
Patent ductus arteriosus
Atrial septal defect

Cirrhosis of the liver and portal hypertension
Human immunodeficiency virus infection
Drugs and toxins

II. PULMONARY VENOUS HYPERTENSION

Left-sided heart disease
Left heart failure
Left-sided valvular lesions
Extrinsic compression (tumors, adenopathy)
Pulmonary veno-occlusive disease

III. PULMONARY ARTERIAL HYPERTENSION CAUSED BY LUNG DISEASE

Chronic obstructive pulmonary disease
Interstitial lung disease
Obstructive sleep apnea
Hypoventilation disorders
Chronic high-altitude exposure

IV. PULMONARY ARTERIAL HYPERTENSION CAUSED BY CHRONIC THROMBOTIC OR EMBOLIC DISEASE

Thromboembolic obstruction of proximal pulmonary arteries
Obstruction of distal pulmonary arteries

Pulmonary embolism
Parasitic diseases
In situ thrombosis
Sickle cell disease

V. PULMONARY ARTERIAL HYPERTENSION CAUSED BY DISEASES OF THE PULMONARY VASCULATURE

Inflammatory diseases
Sarcoidosis
Schistosomiasis

Pulmonary capillary hemangiomatosis
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Several common conditions should be
carefully considered and require addi-
tional diagnostic testing. Demonstrating
a normal wedge pressure on right-heart
catheterization eliminates pulmonary
venous hypertension and the left-sided
heart disorders such as mitral valve dis-
ease, heart failure, or restrictive car-
diomyopathy as the inciting causes.
Other diagnostic tests search for the pres-
ence of occult lung disease and include
chest X-ray, chest computed tomographic
scan, arterial blood gas for chronic hypox-
emia, and pulmonary function tests.
A sleep study is important to rule out
obstructive sleep apnea. Finally, all
patients with pulmonary hypertension
of unclear cause deserve an evaluation
for chronic pulmonary embolism.
The hemodynamic abnormalities

observed in pulmonary hypertension
depend on the underlying condition,
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the magnitude of pressure elevation,
and its effect on the right ventricle. Pul-
monary pressures may be only modestly
elevated with systolic pressure in the
40- to 50-mmHg range, or they may
reach very high at systemic levels of
greater than 100 mmHg. The pulmo-
nary capillary wedge pressure will be
normal in cases of primary pulmonary
hypertension or when due to causes
other than pulmonary venous hyper-
tension (Figure 7-11). It may prove very
difficult to obtain an accurate wedge
pressure when there is severe pulmonary
hypertension. Hybrid tracings are very
common and will overestimate the
wedge pressure. In addition, the operator
should exhibit great care when attempt-
ing towedge the pulmonary artery cathe-
ter in severe pulmonary hypertension,
because these patients are at increased
risk for pulmonary artery rupture, a
A B

FIGURE 7-11. Right-heart catheterization findings in severe p
portal hypertension. A, The pulmonary artery pressures are ma
56 mmHg ). B, The mean pulmonary capillary wedge pressu
left-side valve lesions as a cause of secondary pulmonary hype
vascular resistance is markedly elevated at 7.7 Wood units.
highly morbid and potentially fatal
event.
The right atrial waveform may show a

prominent a wave when contracting
against higher right ventricular diasto-
lic pressures (Figure 7-12). The right
atrial waveform may also demonstrate
a finding consistent with tricuspid re-
gurgitation (described earlier) because
this condition is very commonly
associated with pulmonary hyperten-
sion. Pulmonary hypertension leads to
right ventricular hypertrophy and
reduced compliance. A prominent a
wave on the right ventricular waveform
is a hemodynamic manifestation of this
abnormality (Figure 7-13). Pulsus alter-
nans that affects only the right-sided
chamber pressures (i.e., right ventricular
and pulmonary arterial waveforms) is an
unusual and rare finding in severe pul-
monary hypertension (Figure 7-14).
ulmonary hypertension due to end-stage liver disease and
rkedly elevated, reaching systemic levels (mean pressure ¼
re is normal (10 mmHg), eliminating left-heart failure and
rtension. With a cardiac output of 6 L/min, the pulmonary
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FIGURE 7-12. A, Example of a prominent a wave on the right atrial waveform in a patient with pulmonary hyperten-
sion from sarcoidosis. B, Pulmonary arterial pressures are markedly elevated.
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FIGURE 7-13. Right ventricular pressure waveform from the same patient depicted in Figure 7-12, demonstrating non-
compliance of the right ventricle manifest as a prominent a wave on the right ventricular pressure tracing.
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FIGURE 7-14. These tracings from a patient with primary pulmonary hypertension demonstrate the unusual finding of
(A) pulsus alternans on the right ventricular and (B) pulmonary arterial waveforms.
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CH A P T E R 8

Pericardial Disease
and Restrictive
Cardiomyopathy
MICHAEL RAGOSTA, MD
Pericardial diseases represent an inter-
esting and diverse group of disorders
with complex and fascinating hemody-
namics. A list of etiologies of pericardial
pathology appears similar to the table of
contents of an internal medicine text-
book because nearly all major disease
processes potentially affect the pericar-
dium (Table 8-1). Despite this wide array
of inciting processes, pericardial disease
presents as one or more of four distinct
syndromes: acute pericarditis, effusion
and tamponade, pericardial constriction,
and effusive-constrictive pericarditis.
Syndromes may overlap, for example, as
when a large effusion complicates acute
pericarditis or when acute inflammation
smolders chronically, causing pericardial
scarring and constriction. Often observed
is that any given etiology causes a pre-
dominant syndrome more frequently
than others; for instance, viral infections
more commonly cause acute pericar-
ditis, whereas malignancy usually results
in effusion and tamponade. Although
generally true, any of the conditions
listed in Table 8-1 is capable of producing
any of these syndromes.

This chapter will emphasize the peri-
cardial syndromes associated with hemo-
dynamic consequences, namely,
pericardial effusions, pericardial constric-
tion, and effusive-constrictive pericardi-
tis. In addition, because the clinical
presentation and hemodynamic abnorm-
alities of restrictive cardiomyopathy
behave similarly to constrictive pericardi-
tis, the rare entity of restrictive cardiomy-
opathy will also be discussed.
Normal Pericardial Anatomy
and Related Physiology
The normal pericardium consists of an
inner, single layer of serous membrane
known as the visceral pericardium and a
fibrous, outer structure called the parietal
pericardium, normally about 1-mm thick.
The serous pericardium attaches to the
surface of the heart and the inner surface
of the parietal pericardium, defining the
limits of the pericardial space; this space
normally contains less than 50 mL of
serous fluid.
Although a human can live without

a pericardium without ill effects, the
normal pericardium does serve specific
functions.1 The major function relates
to the relatively rigid and noncompliant
nature of the parietal pericardium, limit-
ing cardiac chamber distension with
changes in volume and contributing to
ventricular stiffness in diastole. These
properties facilitate interaction and cou-
pling of the cardiac chambers via the inter-
ventricular septum, an important role in
cardiac physiology both inhealth and dis-
ease. The noncompliant nature of the peri-
cardium results in a rapid rise in pericardial
pressure with acute accumulation of fluid
in the pericardial space. The volume that
can be accommodated without increasing
pressure in the pericardial space is known
as the pericardial reserve volume and is nor-
mally only about 50–75mL. Slow and
gradual accumulation of fluid stretches
the pericardium, allowing a greater peri-
cardial reserve volume. For this reason,
relatively large volumes of fluid can col-
lect over time without increasing pres-
sure. Once the pericardial reserve volume
is reached, the relatively steep pressure-
volume curve for the pericardium
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TABLE 8-1. Causes of Pericardial Disease

Infectious
Bacterial

Streptococcus, Staphylococcus, gram (–) rods
Mycobacterial

Tuberculosis
Viral

Coxsackie, echovirus, adenovirus, Epstein-Barr virus
Human immunodeficiency virus

Fungal
Aspergillosis, Candida, histoplasmosis

Protozoal
Amoebic

Neoplastic
Primary mesothelioma
Metastatic

Breast, lung, skin, lymphoma, leukemia

Metabolic
Uremia, myxedema, amyloidosis

Immune/inflammatory
Connective tissue disorders (lupus, scleroderma,

polyarteritis nodosa, rheumatoid arthritis)
Sarcoidosis
Post-MI (myocardial infarction), post-pericardiotomy

syndrome

Iatrogenic
Radiation induced
Cardiac perforation from interventional procedures
Drugs (warfarin, minoxidil, procainamide)

Trauma
Direct trauma
Aortic dissection

Congenital
Pericardial cyst

Idiopathic
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mandates rapid pressure increases in the
pericardial space with small additional
increments of fluid (Figure 8-1). This ex-
plains the last-drop effect, inwhich a small
increase in fluid causes a patient to deteri-
orate dramatically but also explains why
removal of just a small amount of fluid
leads to rapid improvement.2

Complex interactions exist between
the pericardium, the pericardial space,
the cardiac chambers, and the thoracic
cavity during cardiac and respiratory
cycles. The spectrum of hemodynamic
abnormalities observed in pericardial
diseases can best be interpreted by first
understanding these important physio-
logic relationships.
The relationships between the cardiac
chambers, the great vessels of the heart,
the thoracic cavity, and the pericardial
space are summarized in Figure 8-2.
Importantly, the pericardial space sits
within the thoracic cavity, reflecting intra-
thoracic pressure (roughly �6–0 mmHg).
While the cardiac chambers lie within
the confines of the pericardial space, the
pulmonary venous system does not.
The pulmonary veins exist outside of
the pericardial space but within the tho-
racic cavity, thereby directly influenced
by changes in intrathoracic pressure. Both
the inferior and superior vena cava lie
outside the pericardial space and only
partially within the thoracic cavity.
Therefore, the systemic venous circula-
tion is mostly independent of changes in
intrathoracic pressures.
In the presence of a normal pericar-

dium, a variety of changes in cardiac
physiology occurs with inspiration and
expiration (Figure 8-3). During inspira-
tion, intrathoracic pressure decreases,
resulting in decreased pressure in the
cardiac chambers. With little or no
corresponding reduction in systemic
venous pressure with inspiration, the
pressure drop in the right heart cham-
bers augments right heart filling. The
pulmonary venous bed lies within the
thoracic cavity; therefore, the inspira-
tory reduction in intrathoracic pressure
also decreases pressure within the pul-
monary veins. With pressure falling
uniformly in the left atrium, the left
ventricle, and the pulmonary veins, no
major change occurs in left ventricular
(LV) filling with inspiration. Opposite
changes occur with expiration with the
net effect being a decrease in right-sided
filling. Inspiratory augmentation of
right ventricular (RV) filling with no
change in LV filling causes bowing of
the septum from the right to the left,
impairing left-sided output (Figure 8-4).
This results in a small, inspiratory drop
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FIGURE 8-2. Relationship between the cardiac cham-
bers, the pericardial space, and the thoracic cavity. The
cardiac chambers lie within the pericardial space as well
as the thoracic cavity while the pulmonary venous system
sits within the thoracic cavity but outside of the pericardial
space.
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in systolic pressure known as a pulsus
paradox, normally measuring less than
12 mmHg (Figure 8-5).

In thepresenceof anormalpericardium
and vacant pericardial space, the diastolic
pressures of the right and left ventricles
vary during the respiratory cycle inde-
pendent of each other (Figure 8-6). In
contrast, the systolic pressures of the right
and left ventricles change during the
respiratory cycle in parallel fashion. In
the presence of a normal, compliant peri-
cardium, augmented filling of the right
ventricle with inspiration is easily accom-
modated by the compliant right ventri-
cle and does not lead to an increase in
pressure in the right ventricle with inspi-
ration. Instead, the changing forces with
respiration cause the pressure in both
chambers to decrease with inspiration
and increase with expiration. Thus, the
right and left ventricular systolic pressures
normally parallel each other during the
respiratory cycle (Figure 8-7).
Pericardial Effusions
and Tamponade
Pericardial effusions occur commonly
in clinical practice from any of the mul-
tiple causes listed in Table 8-1. Although
easily diagnosed with echocardiography,
the nonspecific presenting symptoms
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FIGURE 8-3. Effects of the respi-
ratory cycle on normal cardiac
chamber filling. See text for details.
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Pulmonary vein FIGURE 8-4. Proposed mecha-
nism of a pulsus paradoxus. Inspira-
tion lowers intrathoracic pressure,
resulting in no change in left ven-
tricular filling as both pulmonary
venous pressure and left ventricular
pressure drop in parallel. However,
right ventricular filling increases
with inspiration, resulting in bow-
ing of septum to the left, impairing
left-sided output.

FIGURE 8-5. Example of the normally observed or phys-
iologic pulsus paradoxus on an aortic pressure waveform.
The inspiratory drop in systolic pressure, or pulsus para-
doxus, normally does not exceed 12 mmHg.
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are often attributed to other conditions,
failing to trigger early clinical suspicion
and recognition. The lack of suspicion
during the early phases of an effusion
prevents appropriate therapy. The unrec-
ognized effusion frequently progresses
followed by cardiovascular collapse. At
this point, the diagnosis becomes obvi-
ous. Unfortunately, the naive physician
is now faced with management of crisis
instead of basking in the joy of a clever
diagnosis auspiciously treated.
Dyspnea, fatigue, and chest pain con-

stitute the most common symptoms of
an effusion. Manifestations associated
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FIGURE 8-6. The diastolic pres-
sures of the right and left ventricles
normally separate during the respi-
ratory cycle.

FIGURE 8-7. Normally, concordance of the left and
right ventricular systolic pressure is present during inspira-
tion. See text for details.

Chapter 8—Pericardial Disease and Restrictive Cardiomyopathy 127
with more profound hemodynamic
sequelas include syncope, confusion,
renal failure, and shock. Patients with
subacute or chronic effusions may exhi-
bit peripheral edema due to increased
right atrial (RA) pressure; similarly,
patients may present with abdominal
pain from hepatic distension. Physical
examination nearly always reveals dis-
tended and tense neck veins. Tachycar-
dia, arterial hypotension, and a pulsus
paradox >12 mmHg provide further evi-
dence of a hemodynamically significant
pericardial effusion. Two other physical
examination findings are noteworthy.
Beck’s triad describes the constellation
of elevated neck veins, hypotension,
and a quiet precordium, named after the
American surgeon Claude Schaffer Beck,
who first described these findings in tam-
ponade from acute, traumatic effusions.
Ewart’s sign describes the finding of dull-
ness to percussion with bronchial breath
sounds and evidence of lung consolida-
tion below the left scapula seen with
large, chronic pericardial effusions.3

An echocardiogram easily identifies peri-
cardial effusions even in the presence of
poor acoustic windows. Pericardial effu-
sions are sometimes diagnosed surrepti-
tiously by chest X-ray (appearing as an
enlarged cardiac silhouette), chest com-
puterized tomography (CT), or magnetic
resonance imaging (MRI). The electrocar-
diogram (ECG) is nonspecific; it may
show low voltage, electrical alternans,
and diffuse ST elevation consistent with
pericarditis.
Once an effusion is identified, it is

important to determine its hemody-
namic effect. The hemodynamic seque-
las of an effusion depend on the rate
and volume of fluid accumulation, com-
pliance of the cardiac chambers and the
pericardium, and the filling pressures in
the heart. The commonly asked question
Is there tamponade?, usually following an
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echocardiographic diagnosis of an effu-
sion, is best addressed by describing its
hemodynamic impact instead of decid-
ing whether a patient is ‘‘in tamponade.’’
This concept has been elegantly eluci-
dated by Reddy and Curtiss,4,5 who
emphasize that tamponade is not an
‘‘all or none’’ phenomenon but rather,
represents a spectrum of hemodynamic
abnormalities, beginning with isolated
elevation of pericardial pressure and end-
ing with the profound abnormalities
classically attributed to tamponade.
Figure 8-8 depicts the progressive hemo-

dynamic derangements that occur with
incremental accumulation of pericardial
fluid. Initially, just pericardial pressure
rises. Elevated pericardial pressure triggers
compensatory mechanisms (venocon-
striction and fluid retention), raising sys-
temic venous pressure to adequately fill
the right heart. This causes both RA and
RV diastolic pressures to increase. During
this early phase of tamponade, cardiac
output is maintained and a normal inspi-
ratory fall in systolic pressure of less than
10–12 mmHg occurs. With additional
accumulation of fluid, further elevation
and equilibration of pericardial, RA, and
RV diastolic pressures occur. Left ventricu-
lar diastolic pressure then increases, ulti-
mately equilibrating with the right-sided
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diastolic pressures. This results in equal-
ization of diastolic pressures across the
cardiac chambers. Additional fluid accu-
mulation drops stroke volume; cardiac
output falls despite a compensatory tachy-
cardia. The inspiratory fall in systolic pres-
sure (pulsus paradoxus) becomes more
prominent but may remain below the
upper limits of normal. The final phase of
tamponade, more classically recognized
as tamponade, exhibits elevated and equal-
ized diastolic pressures, a prominent inspi-
ratory fall in systolic pressure, and a
precipitous drop in cardiac output and
blood pressure.
Hemodynamics of Pericardial
Effusion and Tamponade
Tamponade causes continuous com-
pression of the heart throughout the
cardiac cycle, preventing rapid atrial emp-
tying when the tricuspid valve opens.
This correlates with the echocardio-
graphic finding of RV diastolic collapse
and absence of the y descent on the RA
waveform. This abnormality occurs rela-
tively early in tamponade (Figure 8-9, A).
Right atrial pressure is typically seen
to equilibrate with pericardial pressure
(Figure 8-9, B). In advanced stages of
tamponade, the RA pressure waveform
 mmHg

 mmHg
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 mmHg
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FIGURE 8-8. Depiction of the various hemo-
dynamic phases of tamponade, demonstrating
the concept of the spectrum of tamponade
and the effects of progressive accumulation of
pericardial fluid. In phase 1, the pericardial
pressure is the first to rise and leads to elevation
of the right ventricular diastolic pressure. The
pulmonary capillary wedge pressure, cardiac
output, and the inspiratory fall in systolic pres-
sure are not yet affected. In phase 2, equaliza-
tion of the diastolic pressures occurs, and
cardiac output begins to fall with a greater fall
in systolic pressure with inspiration evident.
Phase 3 tamponade represents classic tamponade
with a dramatic drop in cardiac output and
marked pulsus paradoxus. (From Reddy PS,
Curtiss EI, Uretsky BF. Spectrum of hemodynamic
changes in cardiac tamponade. Am J Cardiol
1990;66:1487–1491.)
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FIGURE 8-9. A, Loss of the y descent (arrows) usually on the right atrial waveform in tamponade. B, As tamponade
becomes more significant, the right atrial pressure waveform usually appears as an undulating line with no discernible
a or v waves or x and y descents, and equilibration with the pericardial pressure is present.
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appears as an undulating line without
discernible a and v waves or x and y des-
cents. Typically, patients with tamponade
presentwith elevated and equalized right-
sided diastolic pressures that measure
20 mmHg; this appears to a common level
associated with presentation of a low
cardiac output and hypotension (Figure
8-10). Right ventricular and pulmonary
artery pressure waveforms often appear
abnormally thin and asthenic because of
reduced right-sided output from com-
pression. Marked elevation of the pul-
monary artery systolic pressure is not
usually present. In severe tamponade,
pulmonary artery systolic pressure may
be only slightly higher than diastolic
pressure. Pulmonary edema is generally
not a feature of tamponade for poorly
understood reasons but likely because
patients first present with hypotension
and shock when diastolic pressures reach
about 20 mmHg, before achieving an
LA pressure associated with pulmonary
edema. Accordingly, arterial hypoxemia
should not be attributed to tamponade
physiology. Its presence should prompt a
search for other etiologies.

As described earlier, an inspiratory
drop in systolic pressure (pulsus paradox)
of up to 10–12 mmHg is part of normal
cardiac physiology. Advanced phases of
tamponade exaggerate this finding with
the inspiratory fall in systolic pressure
that exceeds 12 mmHg because the pres-
ence of pericardial fluid within the inelas-
tic confines of the pericardium allows
only a certain volume to fill the cardiac
chambers andprevents one cardiac cham-
ber from accommodating any additional
volume without a corresponding impair-
ment in filling of the adjacent chamber.6

Therefore, the augmentation in right-
heart filling with inspiration competes
with filling of the left heart, reducing
stroke volume and systolic pressure to a
greater degree than seen normally.
Kussmaul5 first described this phe-

nomenon over a century ago:

The pulse of all arteries—with the heart
movement continuing steadily—becomes
very small in certain intervals that regularly
occur with each inspiration, or it disappears
completely, only to immediately return with
expiration. I suggest to term this pulse the
paradox pulse, in part, because of the
obvious disparity between the heart action
and arterial pulse, and, in part, because the
pulse—though seemingly irregular—is in
fact a pulse stopping or decreasing with
regular repetition.
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FIGURE 8-10. This set of tracings was obtained in a patient with tamponade and demonstrates many of the character-
istic findings. The right atrial pressure is (A) elevated with loss of y descent and is (B) equal to the right ventricular
diastolic pressure and (C) close to the pulmonary artery diastolic pressure and (D) equal to the pulmonary capillary
wedge pressure.
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Not specific for tamponade, other con-
ditions may exhibit a prominent pulsus
paradox (Ta b l e 8 - 2 ). 6,7 Circ umstances t hat
prevent a pulsus paradox despite a large
and significant effusion include a
TABLE 8-2.
Causes of an Inspiratory Drop in
Systolic Pressure >12 mmHg
(Pulsus Paradoxus)

Pericardial tamponade
Effusive-constrictive pericarditis
Right ventricular infarction
Asthma
Chronic obstructive pulmonary disease
Congestive heart failure
Obesity
Ascites
Pregnancy
Pulmonary embolism
Tension pneumothorax
coexisting atrial septal defect (because
the inspiratory increase in venous return
is shared between the atria), aortic
regurgitation (because filling of the left
ventricle is independent of respiration),
or if there is marked elevation of the LV
end-diastolic pressure.
Accurate measurement of a pulsus

paradox helps define the hemodynamic
significance of an effusion. On physical
examination, measurement of a pulsus
paradox involves inflation of the blood
pressure cuff above systolic pressure
followed by careful auscultation during
very slow deflation until any Korotkoff
sound is heard with any cardiac cycle.
This marks the upper limit of systolic
pressure. With continued slow deflation
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of the cuff, the pressure at which
Korotkoff sounds are heard with each
cardiac cycle is noted and defines the
lower limit of systolic pressure. The dif-
ference between these two recordings
is the pulsus paradox. This procedure
should be carried out while the patient is
breathing normally. Arterial pressure
recordings identify a pulsus paradox with
greater sensitivity than physical examina-
tion (see Figure 8-5). In tamponade, the
pulsus paradox may be dramatic, com-
pletely obliterating the pulse, as described
by Kussmaul (Figure 8-11).

The classic hemodynamic findings of
tamponade may be obscured or absent
in several conditions. Right ventricular
hypertrophy and pulmonary hyper-
tension prevent an effusion from fully
compressing the right ventricle during
diastole. Accordingly, early diastolic fill-
ing may not be impaired; the y descent
on the RA waveform may appear nor-
mal despite tamponade (Figure 8-12).
Patients with preexisting elevation of
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FIGURE 8-11. The arterial pressure
waveform in this tracing obtained in
a patient with tamponade demon-
strates total pulsus paradoxus with
complete obliteration of the arterial
pressure with inspiration.
LV diastolic pressure may not have equa-
lization of LV diastolic or pulmonary
capillary wedge pressure with right-
sided chamber diastolic pressures. Dia-
stolic pressures may not equalize across
all chambers, if there is marked pul-
monary hypertension, despite advanced
tamponade, or, if there is a loculated
effusion that selectively compresses just
the right heart. This latter scenario is
most common in a postoperative effu-
sion.8 As noted earlier, a pulsus paradox
may be absent in the presence of an
atrial septal defect, significant aortic
regurgitation, elevated LV end-diastolic
pressure, or localized tamponade.
Elevated and equalized right-sided

diastolic pressures characterize classic
tamponade. However, a pericardial effu-
sion may cause serious hemodynamic
compromise, despite low (6–12 mmHg)
diastolic pressures. This so-called low-
pressure tamponadewas initially described
predominantly in the setting of hypo-
volemia.2,9 It may be seen with acute
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FIGURE 8-12. Patients with pulmonary hypertension and right ventricular hypertrophy often have preservation of the y
descent on the right atrial pressure waveform, despite tamponade as shown in this example of a patient with tamponade
from post-pericardiotomy syndrome after mitral valve replacement for chronic mitral regurgitation. The patient had
known pulmonary hypertension prior to surgery, with pulmonary pressure in the 70-mmHg systolic range. A, Pressures
obtained prior to pericardiocentesis. B, Pressures obtained after successful pericardiocentesis show that the average peri-
cardial pressure was reduced to less than 0 mmHg; the right atrial pressure waveform remains abnormal with a more
prominent y descent.
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FIGURE 8-12—cont’d. C, Pres-
sures also obtained post-pericardio-
centesis; compare this to (A) and
note the greater prominence of
the y descent.
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tamponade, particularly from hemor-
rhage into the pericardium, as may occur
from iatrogenic perforation during a cor-
onary intervention or electrophysiologic
procedure (Figure 8-13). The fall in intra-
vascular volume associated with hemor-
rhage into the pericardium prevents the
aforementioned compensatory increase
in venous pressure further exacerbating
the consequences of cardiac compres-
sion,manifest by cardiovascular collapse,
despite low right-sided pressures.

The syndrome of low pressure tampo-
nade has not been properly defined or
systematically studied. A recently pub-
lished study that involved 143 patients
with an effusion who underwent careful
hemodynamic studies at the time of
pericardiocentesis provides important
information regarding this syndrome.10

The authors’ proposed criteria first
define the presence of tamponade as
equalization of intrapericardial and RA
pressure with right transmural pressure
<2 mmHg. Low-pressure tamponade is
then defined as the presence of an intra-
pericardial pressure <7 mmHg before
pericardiocentesis and RA pressure
<4 mmHg after intrapericardial pressure
had been lowered to near 0 mmHg by
pericardiocentesis. Using this definition,
low-pressure tamponade was present in
20% of patients who underwent pericar-
diocentesis. These patients were less
likely to exhibit clinical signs of classic
tamponade; the presence of pulsus para-
dox was present in only 7% of patients.
The frequency of symptoms, effusion
size by echocardiography, and preexist-
ing use of diuretics were not different
than patients with classic tamponade.10
Treatment of Tamponade
Small-to-moderate sized effusions
without significant hemodynamic
sequelae often do not require any spe-
cific treatment. It is important to pre-
vent dehydration and avoid vasodilator
drugs in these patients due to their



A B

C

FIGURE 8-13. Low-pressure tamponade in a patient
with acute tamponade from coronary perforation dur-
ing percutaneous coronary intervention. The patient
developed acute hypotension during an attempt at
opening a chronically occluded left anterior descend-
ing artery. A, The right ventricular diastolic pressure
was onlymildly elevated at 13 mmHg, and (B) the pul-
monary capillary wedge pressure was only 16 mmHg;
however, profound (C) hemodynamic collapse
occurred with marked hypotension and tachycardia.
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dependence on preload. In the presence
of significant hemodynamic conse-
quences or symptoms, the effusion
requires removal. Hypotension can be
improved with a rapid infusion of normal
saline and intravenous pressor agents
while preparing for pericardiocentesis.
Removal of the pericardial fluid should
proceed without delay in clinically unsta-
ble patients. The treatment of choice in
most patients is percutaneous pericardio-
centesis.1,2 Compromised patients with
loculated effusions or in whom pericar-
diocentesis is not successful need surgi-
cal drainage, often accomplished by the
creation of a pericardial window. Finally,
percutaneous balloon pericardiotomy
has a role in reducing recurrent effusions
in patients with malignant pericardial
effusion.11

Pericardiocentesis is often performed
in the catheterization laboratory but
can be accomplished at the bedside in a
critically ill patient who is rapidly dete-
riorating from the effusion or cannot be
transported to the catheterization labora-
tory because of clinical instability. Echo
guidance identifies the ideal site for per-
cutaneous access to the effusion and
determines whether loculation is present.
A right-heart catheterization procedure
performed in conjunction with peri-
cardiocentesis allows an assessment of
hemodynamics before and after fluid
removal. The goal of pericardiocentesis is
to remove all fluid and achieve a pericar-
dial pressure of zero (or less). Inability
to obtain a pericardial pressure of zero
indicates loculation (Figure 8-14). Right-
heart pressure measurements obtained
after successful pericardiocentesis show
reduction in right-sided diastolic pres-
sures and return of the y descent on RA
pressure waveforms. Fluid analysis may
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FIGURE 8-14. Loculation of fluid is suggested by the inability to reduce the pericardial pressure to zero or less with peri-
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provide valuable insight regarding the
etiology of the effusion.
Pericardial Constriction
Constrictive pericarditis can be caused
by any of the disorders that affect the
pericardium shown in Table 8-1 with idi-
opathic causes, prior radiation exposure,
postoperative state, connective tissue
disorders, and viral and/or other infec-
tious causes of pericarditis representing
the most likely etiologies in the modern
era.12–14 Often noted as one of the classic
causes of pericardial constriction, tuber-
culosis is rare in developed countries.
Constrictive pericarditis presents as a

chronic illness. Its symptoms of dyspnea,
fatigue, cachexia, edema, and abdominal
distension are often misdiagnosed as
cirrhosis of the liver, malignancy, or
other chronic disease. Physical exam
signs reflect the physiologic abnormal-
ities. Elevation of the neck veins with
a prominent y descent is virtually a sine
qua non of constrictive pericarditis and
can also be a useful method to distin-
guish this entity from cirrhosis.12 Edema
and ascites are present in the majority of
patients. Auscultatory findings include
an absent apical impulse with a pericar-
dial knock. With inspiration, the jugular
venous pressure does not decrease nor-
mally, either remaining elevated or
increasing further (Kussmaul’s sign).
Pulsus paradox is rare in pure forms of
constriction but may be seen in cases of
effusive constriction or in the setting of
coexisting pulmonary disease.15
Physiology of Pericardial
Constriction
In pericardial constriction a rigid,
unyielding shell encases the heart, creat-
ing important hemodynamic con-
sequences.14,16 First, the constraining
pericardium sets a limit to the total vol-
ume of blood able to enter the cardiac
chambers, seriously affecting ventricu-
lar filling during diastole. In early
diastole, the ventricle fills briskly. By
mid-diastole, however, the volume
determined by the rigid pericardium is
reached and filling halts abruptly, rap-
idly raising pressure. In fact, early dia-
stolic filling is more rapid than normal
because of the chronically underfilled
state of the ventricle. A second impor-
tant hemodynamic consequence relates
to the increase in ventricular interde-
pendence from the constraining pericar-
dium. Without a compliant pericardium
to buffer the changes in volume and
pressure that occurs during the cardiac
and respiratory cycles, volume and pres-
sure changes that occur in one chamber
will be reflected in the adjacent cham-
ber. Finally, the rigid, constraining peri-
cardium isolates the pericardial space
from changes in intrathoracic pressure
during respiration. Thus, inspiration
lowers intrathoracic pressure, but not
cardiac chamber pressure, increasing
venous filling into the thorax but not
the right heart chambers. This causes
an increase or no change in jugular
venous pressure with inspiration instead
of the expected decrease (Kussmaul’s
sign). In addition, inspiration lowers
pulmonary venous pressure, but the
negative inspiratory pressure is not
transmitted to the left ventricle, causing
a decrease in the transmitral gradient
with inspiration and a corresponding
diminished filling of the left ventricle
with a drop in LV systolic pressure.
Reduced filling of the left ventricle
along with increased ventricular inter-
dependence result in a corresponding
increase in RV filling and an associated
increase in RV systolic pressure. The
opposite effects occur with expiration.
Accordingly, the normally parallel fall
and rise in RV and LV systolic pressure
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FIGURE 8-15. Schematic representation of the effects of pericardial constriction on cardiac chamber physiology.
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with inspiration and expiration become
discordant in constrictive pericarditis.
These physiologic effects are summarized
in Figure 8-15. The finding of discor-
dance of RV and LV systolic pressures
with inspiration is highly sensitive and
specific for constrictive pericarditis.17
Hemodynamic Findings
in Constrictive Pericarditis
The physiologic abnormalities asso-
ciated with constrictive pericarditis yield
several classic hemodynamic findings
(Table 8-3). Several abnormalities are
apparent on the RA waveform. The RA
pressure shows little respiratory varia-
tion. The v wave is often greater than
the a wave due to noncompliance of
the atrium from the encasing pericar-
dium. The rapid atrial emptying that
occurs early in diastole along with
increased atrial pressure and the rela-
tively underfilled state of the ventricle
cause a rapid y descent on the RA wave-
form (Figure 8-16). These are often
described as an M or W pattern. The
ventricular waveforms exhibit a charac-
teristic square root sign or dip and plateau
during diastole from the abrupt cessa-
tion in filling from the constraining



FIGURE 8-16. The right atrial pressure is elevated and
the y descent is rapid and prominent in pericardial con-
striction, as shown from a patient with idiopathic constric-
tive pericarditis proven at surgery.

FIGURE 8-17. The right and left ventricular pressure
waveforms characteristically demonstrate a diastolic dip
and plateau or square root sign due to unimpeded early
diastolic filling followed by a rapid rise in pressure by
mid-diastole from pericardial constraint. The right and left
ventricular diastolic pressures usually do not separate by
more than 5 mmHg in pericardial constriction. These find-
ings are shown in this tracing from a patient with idio-
pathic constrictive pericarditis.

TABLE 8-3.
Summary of Hemodynamic
Findings Observed in Constrictive
Pericarditis

Elevated right-sided diastolic pressures
M or W pattern on right atrial waveform with rapid

y descent
v > a wave due to noncompliance of the right

atrium
Little to no respiratory variation in right atrial

pressure
Square-root sign or dip-and-plateau pattern on

ventricular pressure waves
Failure to separate left and right ventricular diastolic

pressures >5 mmHg
Ratio of right ventricular end-diastolic pressure to

right ventricular systolic pressure >1:3
Right ventricular (or pulmonary artery) systolic

pressure <50 mmHg
Pulmonary capillary wedge pressure decline > left

ventricular early diastolic pressure during
inspiration

Discordance in left and right ventricular systolic
pressure with inspiration

TABLE 8-4.
Causes of ‘‘Constrictive’’
Hemodynamics
(Pseudoconstriction)

Restrictive cardiomyopathy
Right ventricular infarction
Pulmonary hypertension
Obesity
Severe tricuspid regurgitation
Acute volume overload
Acute heart failure
Acute severe mitral regurgitation

138 Textbook of Clinical Hemodynamics
pericardium (Figure 8-17). The LV and
RV diastolic pressures do not separate by
more than 5 mmHg. Pulmonary hyper-
tension is rare; the pulmonary artery
and RV systolic pressures rarely exceed
50 mmHg. None of these hemodynamic
abnormalities are specific for constric-
tive pericarditis. Several other conditions
can cause similar findings, termed con-
strictive physiology (Table 8-4). Restrictive
cardiomyopathy shares many of these
features, and tricuspid regurgitation can
be indistinguishable from constriction
by these hemodynamic criteria.18 Exam-
ples of pseudoconstriction are shown in
Figures 8-18 and 8-19.
The most valuable hemodynamic

findings for the diagnosis of constrictive
pericarditis relate to the dynamic respi-
ratory effects described earlier. Dissocia-
tion of intrathoracic and intracardiac
pressures can be observed in the cardiac
catheterization laboratory by demon-
strating respiratory variation in the pres-
sure gradient between the pulmonary
capillary wedge pressure (that reflects the
pulmonary vein) and the left ventricle
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in early diastole. In constriction, because
the pulmonary veins sit outside the con-
fines of the pericardial space and are sub-
ject to changes in intrathoracic pressure,
a fall occurs in the early diastolic gradi-
ent with inspiration and a subsequent
rise with expiration (Figure 8-20). More
importantly, however, is the finding
of discordance in LV and RV systolic
pressures with inspiration, a sign of
increased ventricular interdependence
(Figure 8-21). In one study, discordance
in LV and RV systolic pressures was the
most sensitive (100%) and specific (95%)
sign for constrictive pericarditis.17

Importantly, these dynamic respiratory
effects on ventricular pressure require
meticulous attention to detail, high-
quality hemodynamic tracings, and a reg-
ular rhythm.19 Ideally, these subtle effects
are best assessed with a respirometer to
record inspiration and expiration, and
high-fidelity, micromanometer catheters,
rather than the fluid-filled catheters in
clinical use, especially for the demonstra-
tion of the LV and pulmonary capillary
wedgepressure gradient. Recognizing that
this equipment is not available in most
catheterization laboratories, the demon-
stration of LV-RV systolic discordance re-
mains a valuable clue. Patients with atrial
fibrillation or other causes of irregular
rhythm should have their rhythm regular-
ized with a temporary pacemaker during
thehemodynamic assessment to avoid the
confusing effect on pressure with varying
R-R intervals.
Ultimately, a final diagnosis of constric-

tive pericarditis is a clinical one based on
incorporation of appropriate signs and
symptoms coupled with demonstration
of constrictive physiology either by cathe-
terization or by echocardiography.12,15,16

Imaging modalities are also useful and
include CT scan and MRI, demonstrat-
ing pericardial thickening. Pericardial cal-
cification on chest X-ray or fluoroscopy
is present in only a minority of cases of
constriction (Figure 8-22).
Constrictive pericarditis can be treated

medically with diuretics if only mild
symptoms and relatively low RA pressure
are present. Chronic elevations of the RA
pressure may lead to hepatic cirrhosis.
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FIGURE 8-21. Examples of ventricular interdependence
in pericardial constriction. A, A drop in left ventricular sys-
tolic pressure with inspiration and a rise in right ventricu-
lar systolic pressure (arrow). B, Part A shown over several
respiratory cycles.

FIGURE 8-20. Demonstration of dissociation of intra-
thoracic and intracardiac pressures in a patient with peri-
cardial constriction. A fall occurs in the early diastolic
gradient between the left ventricle and pulmonary capil-
lary wedge pressure with inspiration and a subsequent rise
with expiration.

FIGURE 8-22. Pericardial calcification seen on fluoros-
copy in a patient with pericardial constriction. Although
this is a helpful diagnostic tool, pericardial calcification is
only rarely observed.
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Therefore, if medical therapy is chosen, it
is important to assess the response to
therapy by reassessment of RA pressure.
Many patients with constriction will
require surgical pericardiectomy, a pro-
cedure that is effective at lowering RA
pressure and improving symptoms.13
Effusive-Constrictive
Pericarditis
Some patients with pericarditis, initi-
ally found to have compressive physiol-
ogy in the presence of the effusion,
continue to have marked hemodynamic
abnormalities when the effusion is re-
moved. In pure tamponade, removal of
fluid by pericardiocentesis achieves a
pericardial pressure of zero or less with
a return to normal, right-sided hemody-
namics. Persistent elevation in RA pres-
sure, despite removal of all fluid and
achievement of a pericardial pressure less
than 0 mmHg, suggests continued ab-
normality of the pericardium, usually
due to inflammation and a constricting
effect of the visceral pericardium. In
addition to the elevation in pressures,
the RA waveform typically demonstrates
a prominent and rapid y descent similar
to constriction. This entity is known as
effusive-constrictivepericarditis and is rare,
present in approximately 8% of patients
with tamponade who undergo catheteri-
zation.20 Numerous etiologies have been
associatedwith this syndrome, including
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postoperative pericarditis, neoplastic
disease, idiopathic, and infectious peri-
carditis.12,20 In many of these patients,
the constrictive component resolves as
the inflammatory process subsides; how-
ever, this syndromemay result in chronic
constriction and need for pericardiect-
omy.20 The cardinal hemodynamic find-
ing that suggests effusive constrictive
pericarditis is shown in Figure 8-23. In
this case, acute tamponade complicated
post-pericardiotomy syndrome several
weeks after mitral valve replacement sur-
gery. Initially, hemodynamics suggested
classic tamponade with pericardial pres-
sure equal to RA pressure and blunting
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FIGURE 8-23. Effusive constrictive pericarditis in a patient
syndrome. A, Prior to pericardiocentesis, right atrial pressure
pericardiocentesis, the pericardial pressure was reduced to 0
echocardiography.
of the y descent on the RA waveform.
After removal of all fluid and obtaining
a pericardial pressure of zero, the RA pres-
sure remained elevated, nowwith a rapid
and prominent y descent consistent with
constriction.
Restrictive Cardiomyopathy
Restrictive cardiomyopathy refers to
a group of uncommon disorders of the
heart muscle, resulting in impaired ven-
tricular filling with normal systolic func-
tion. Increased ventricular stiffness causes
noncompliance of the ventricles and
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who presents with tamponade from post-pericardiotomy
was elevated with attenuated x and y descents. Following
mmHg with no residual pericardial fluid discernible on



TABLE 8-5. Some Causes of Restrictive
Cardiomyopathy

Cardiac amyloidosis
Idiopathic
Hypertrophic cardiomyopathy
Sarcoidosis
Gaucher’s disease
Fabry’s disease
Glycogen storage disease
Hypereosinophilia
Carcinoid
Transplant rejection
Prior radiation
Neoplasm
Anthracycline toxicity
Endomyocardial fibroelastosis
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FIGURE 8-23—cont’d. B, The post-pericardiocentesis right atrial pressure, however, remained elevated with a
prominent y descent consistent with effusive constrictive pericarditis.
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elevated chamber pressures during dias-
tole with only small increases in volume.
The condition can affect either or both
ventricles and may not uniformly affect
both ventricles.

Amyloidosis and idiopathic restrictive
cardiomyopathy are the most common
causes outside of the tropics. In tropical
regions, the most common cause is en-
domyocardial fibrosis. Other conditions
that lead to restrictive cardiomyopathy
are rare (Table 8-5).21 The clinical presen-
tation and hemodynamic abnormalities
are very similar to constrictive pericardi-
tis.21,22 In fact, many of the hemody-
namic findings described for constriction
may be present in restrictive cardiomyop-
athy, particularly the square root sign
and the prominent y descent on the RA
waveform.
Differentiation between constrictive
pericarditis and restrictive cardiomyopa-
thy in the catheterization laboratory
may be difficult (Figures 8-24 to 8-26).
Features more consistent with restriction
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FIGURE 8-24. Hemodynamics obtained from a 47-year-old patient with ascites, edema, and left ventricular hypertro-
phy on echocardiography with normal systolic blood pressure, normal systolic function, and biatrial enlargement with
a normal pericardium on CT scan. Note the (A) prominent y descent on the right atrial waveform and the (B) square root
sign on the right ventricular waveform. C, The pulmonary artery pressure exceeds 50 mmHg, and, although the left and
right ventricular diastolic pressures are within 5 mmHg, there does not appear to be (D) ventricular interdependence, as
the systolic pressures are concordant.
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include separation of the ventricular
diastolic pressures >5 mmHg, the pres-
ence of pulmonary artery pressure
>50 mmHg, and a ratio between RV dia-
stolic pressure and RV systolic pressure
of <1:3. As noted earlier, discordance
in RV and LV systolic pressures with
inspiration is the most valuable method
of distinguishing the two entities in the
cardiac catheterization laboratory. Some
other, clinical features more consistent
with restriction include the presence
of biatrial enlargement and AV valve
regurgitation. The presence of pericardial
calcification favors pericardial constric-
tion but is rare. ECG abnormalities, such
as low voltage and conduction delay, are
more common in restriction than con-
striction. MRI and CT scans are helpful
in identifying the thickened pericardium
of constriction. Endomyocardial biopsy
might be considered if there is a strong
suspicion of restrictionwith normal find-
ings on biopsy suggestive of constriction.
However, constrictive pericarditis and
restrictive cardiomyopathy may coexist
in patients with sarcoidosis, after radia-
tion therapy, and in hypereosinophilic
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FIGURE 8-25. Restrictive hemodynamics in a patient with
severe rejection after heart transplantation. A, Right atrial
pressure is markedly elevated with prominent y descent,
and (B) right ventricular pressure shows a dip and plateau
pattern. C, Some separation between left and right ventric-
ular diastolic pressures was apparent and no evidence of
ventricular interdependence was present.

RA

25

12.5

0 mmHg

15, 16, 14 50 BPM

A

FIGURE 8-26. Restrictive cardio-
myopathy frombiopsy-proven amy-
loidosis from multiple myeloma.
A, Note the prominent y descent
on the right atrial waveform.
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FIGURE 8-26—cont’d. B, Note the separation between right and left ventricular diastolic pressures.
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syndrome. Ventricularization of the RA
waveform in the absence of tricuspid
regurgitation has been associated with
amyloid restrictive cardiomyopathy.23

Finally, restrictive cardiomyopathy sig-
nificantly elevates levels of brain natri-
uretic peptide compared to the normal
levels measured in constriction.24
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CH A P T E R 9

Shock, Heart Failure,
and Related Disorders
MICHAEL RAGOSTA, MD
Heart failure remains one of the most
common cardiovascular disorders, with
an estimated prevalence in the United
States of over five million cases. Over
500,000 newly diagnosed cases of heart
failure are known each year, and the con-
dition accounted for over one million
hospital admissions in 2003.1 Manifesta-
tions of the failing heart range fromwell-
compensated left ventricular systolic
dysfunction to cardiogenic shock with a
wide variety of underlying pathophysiol-
ogy and hemodynamic manifestations.
This chapter will review the pathophysi-
ology and relevant hemodynamics of
shock and heart failure syndromes,
including the interesting hemodynamic
abnormalities associated with the trans-
planted heart.
Pathophysiology of Shock
Cardiogenic shock represents the
most dramatic and deadly manifestation
of heart failure. The essence of shock is
inadequate tissue perfusion clinically
manifest by hypotension, oliguria, men-
tal status changes, peripheral cyanosis,
and cool skin and extremities. Inadequate
tissue perfusion propagates cardiogenic
shock via the compensatory mechanisms
intended to raise central blood pressure
such as tachycardia and vasoconstriction.
Peripheral vasoconstriction causes tissue
hypoxia and subsequent acidosis, which
further depresses myocardial function,
exacerbating shock. A downward spiral
148
ensues (Figure 9-1). Ultimately, these pro-
gressive derangements become irrevers-
ible and compensatory mechanisms fail,
leading to the patient’s demise.
The differential diagnosis of shock is

broad. The initial dilemma that faces the
physician relates to a determination if
shock is due to cardiogenic or noncardiac
causes (Table 9-1). This can often be deter-
mined by a hemodynamic assessment
aimed at measuring the systemic vascular
resistance and the filling pressures of the
heart.
Systemic vascular resistance, or SVR,

is derived from Ohm’s law (V ¼ IR) and
can be calculated from the formula:

SVR ¼
ðmean aortic pressureÞ�
ðmean right atrial pressureÞ

Cardiac output

Multiplying theproduct by80 achieves
resistance units in dynes-sec-cm�5. To
calculate the systemic vascular resistance
index (SVRI), the cardiac index is substi-
tuted for cardiac output in the formula;
therefore, the SVRI formula is

SVRI ¼ ðSVRÞ � ðbody surface areaÞ

The normal SVR ¼ 1170 � 270 dynes-
sec-cm�5, and the normal SVRI ¼ 2130 �
450 dynes-sec-cm�5 �m2.
The SVR is elevated in most cases

of cardiogenic shock fromexcessive vaso-
constriction except at the end stages
when vasodilatation ensues. Systemic
vascular resistance is low in patients with
septic shock, anaphylactic shock, and
other noncardiogenic causes of shock
associated with profound vasodilatation
(Addison’s crisis, neurogenic, drug, or
metabolic).
Elevated right-heart filling pressures,

particularly the pulmonary capillary
wedge pressure, classically distinguishes
the cardiogenic from noncardiogenic
causes of shock,with the latter exhibiting



Arterial vasoconstriction

Tissue hypoxia, acidosis

Hypotension, poor perfusion

Decreased cardiac output

THE DOWNWARD SPIRAL OF CARDIOGENIC SHOCKFIGURE 9-1. The initial hemodynamic derange-
ments in cardiogenic shock may be exacerbated
by the adverse sequelas of poor perfusion, leading
to a progressive, downward spiral.

TABLE 9-1. Causes of Shock

Cardiogenic Causes
Acute myocardial infarction
Pump failure
Right ventricular infarction
Ventricular septal rupture
Acute mitral regurgitation
Free wall rupture
Acquired left ventricular outflow tract obstruction
Arrhythmia
Bradycardia
Tachycardia
Acute valvular regurgitation
Aortic regurgitation
Mitral regurgitation
Acute prosthetic valve regurgitation
Obstruction
Decompensated aortic stenosis
Hypertrophic obstructive cardiomyopathy
Acquired left ventricular outflow tract obstruction
Atrial myxoma
Acute prosthetic valve obstruction
Pump failure
Idiopathic
Myocarditis
Rejection
Ischemic
Hypovolemic
Aortic dissection
Ruptured aortic aneurysm
Compressive
Tamponade

Noncardiogenic Causes
Neurogenic
Anaphylaxis
Sepsis
Hypovolemic shock
Toxic/metabolic
Acidosis
Adrenal crisis
Pulmonary embolism
Tension pneumothorax
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low pulmonary capillary wedge and
right-sided chamber pressures. Naturally,
exceptions exist. Advanced stages of sep-
tic shock cause myocardial depression
and may elevate right-sided pressures.
Right ventricular infarction, a cardio-
genic cause, may be associated with
markedhypotension, lowcardiac output,
and shock despite a normal pulmonary
capillary wedge pressure. Similarly, car-
diac tamponade in the setting of hypovo-
lemia may be associated with profound
shock despite low-filling pressures.
Hemodynamics of
Cardiogenic Shock
Patients with shock usually exhibit
arterial hypotension with systolic pres-
sures <90 mmHg. The adequacy of tis-
sue perfusion, however, defines the
presence or absence of shock, not an
arbitrary blood pressure valve. Thus,
shock may be present in patients with-
out overt hypotension. The lowered
stroke volume results in reduction in
cardiac output despite an associated
compensatory tachycardia, and the car-
diac index typically measures less than
2.0 L/min/m2 with a correspondingly
low mixed venous saturation (<55%).
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The normal aortic waveform appears
robust with a pulse pressure of about
40–50 mmHg and ample pulse width
(Figure 9-2). In addition to hypotension,
patients with cardiogenic shock often
exhibit abnormalities in the aortic pres-
sure waveform. The pulse pressure
reflects both the strength of contrac-
tion and stroke volume; thus, the pulse
pressure on the aortic waveform in a pa-
tient with cardiogenic shock from pump
failure is usually reduced (Figure 9-3).
FIGURE 9-2. The robust appearance of a normal aortic
waveform.

FIGURE 9-3. Example of a patient with a marked reduc-
tion in stroke volume from profound pump failure, result-
ing in a narrow pulse pressure on the aortic waveform.
The pulse width also reflects the stroke
volume. Patients in shock with normal
or hypercontractile ventricles often have
aortic waveforms with narrow pulse
widths but normal pulse pressures (Figure
9-4). This finding may be observed, for
instance, in patients in shock from non-
cardiogenic causes such as anaphylaxis
or in patients with cardiogenic causes
such as tamponade, acute mitral regurgi-
tation, or post-myocardial infarction ven-
tricular septal defect. The narrow pulse
width lends a ‘‘spiked’’ appearance to the
aortic pressurewaveformwith the dicrotic
notch appearing low. Importantly, the
systolic pressure of this spiked waveform
may exceed 90–100 mmHg, falsely reas-
suring the clinician. The narrow pulse
width provides a clue to the low stroke
volume and impending cardiovascular
collapse (Figure 9-5).
Additional hemodynamic findings re-

flect the underlying pathology that causes
cardiogenic shock. For example, although
neither specific nor sensitive, a large v
wave on the pulmonary capillary wedge
pressure tracing suggests shock from
acute, severe mitral regurgitation. Cardiac
tamponade characteristically causes ele-
vated and equalized diastolic pressures
with loss of the y descent on the right
atrial waveform. The right atrial and right
ventricular diastolic pressures are mark-
edly elevated with a normal pulmonary
capillary wedge pressure in cases of car-
diogenic shock from right ventricular
infarction. A left-to-right shunt at the
level of the right ventricle identifies an
acute ventricular septal defect.
Treatment of cardiogenic shock is

based on efforts tomaintain adequate tis-
sue perfusion and reverse the downward
spiral of hemodynamic derangements.2

Vasopressor and inotropic agents are
the mainstay of pharmacologic therapy.
Aggressive treatment of acidosis andhyp-
oxia prevents additional myocardial de-
pression. Specific therapy is directed at
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FIGURE 9-5. Example of a patient
in cardiogenic shock from acute
ventricular septal rupture post-
myocardial infarction demonstrat-
ing normal peak systolic pressure
but a very narrow pulse width and a
spiked appearance to the aortic pres-
sure. Note also the location of the
dicrotic notch.
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Aorta

50

PA
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FIGURE 9-4. Aortic and pulmo-
nary artery (PA) pressure tracing in
a patient with anaphylactic shock.
Note the normal pulmonary artery
pressure and the presence of hypo-
tension with a narrow pulse width,
lending a spike appearance to the
aortic pressure tracing.
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the underlying cause (for example, re-
perfusion therapy for acute myocardial
infarction or pericardiocentesis for tam-
ponade). Finally, the intra-aortic bal-
loon pump is an invaluable therapeutic
adjunct.
Intra-Aortic Balloon
Counterpulsation in
Cardiogenic Shock
The intra-aortic balloonpump improves
many of the hemodynamic abnormal-
ities in cardiogenic shock.3,4 The balloon
catheter is inserted percutaneously and
positioned in the descending aorta (Figure
9-6). The balloon is timed to inflate during
diastole against a closed aortic valvedispla-
cing aortic blood (30–50 mL, depending
on the balloon volume) and increasing
the diastolic pressurewithin the aorta (dia-
stolic augmentation). The balloon rapidly
deflates at the end of diastole, just prior
to aortic ejection, creating a potential
space of 30–50 mL within the aorta,
R. subclavian

Carotids

L. subclavian

Catheter tip
below subclavian

40 mL
balloon in

descending aorta

Distal aorta

Iliac 
artery

Sheath in
common femoral

artery

Aortic
valve

FIGURE 9-6. Schematic representation of proper place-
ment of an intra-aortic balloon pump in the descending
aorta via the right femoral artery. The tip of the catheter
should be below the subclavian, usually achieved by plac-
ing this at the tracheal bifurcation.
lowering the impedance of the aorta and
reducing end-diastolic pressure and result-
ing in afterload reduction. Thus, the intra-
aortic balloon pump provides two major
beneficial effects in cardiogenic shock:
improved tissueperfusionbydiastolic aug-
mentation of aortic pressure and enhance-
ment of ventricular function by reducing
afterload.
The hemodynamic benefits of an intra-

aortic balloon pump are summarized
in Table 9-2. In the hypotensive patient
with cardiogenic shock, diastolic pressure
increases because of diastolic augmenta-
tion and generally exceeds systolic pres-
sure. The systolic pressure may, in fact,
decrease further because of the afterload
reduction afforded by the balloon pump.
The net effect, however, is an increase
in the mean arterial pressure, thereby
improving tissue perfusion. Cardiac out-
put and stroke volume generally increase
while heart rates are either unaffected or
may decrease slightly as a consequence
of improved hemodynamics.
One of the presumed hemodynamic

benefits of the intra-aortic balloon pump
relates to the potential enhancement of
coronary blood flow, a mostly diastolic
phenomenon. However, the effect on
coronary blood flow varies depending
on the underlying hemodynamics and
the degree of coronary arterial narrow-
ing. Using the Doppler flow wire in
human subjects, studies suggest that aor-
tic counterpulsation increases coronary
blood flow velocity in the proximal, pre-
stenotic segment of the coronary artery
TABLE 9-2. Effects of Intra-Aortic Balloon
Pump in Cardiogenic Shock

HEMODYNAMIC VARIABLE EFFECT

Diastolic pressure, aorta þ þ þ þ
Systolic pressure, aorta � �
Mean pressure, aorta þ þ
Cardiac output þ þ
Heart rate � or no change
Coronary blood flow þ or no change



FIGURE 9-7. Proper timing of inflation and deflation of
an intra-aortic balloon pump. The pump is set at a 1:2
ratio, meaning that it is set to inflate and deflate during
one of two cardiac cycles. The balloon inflates just after
the dicrotic notch on the aortic pressure waveform
(arrow). Deflation should be completed before aortic ejec-
tion begins on the next cardiac cycle, which is evident by
a lower end-diastolic pressure of the augmented beat as
compared to the unaugmented beat.

FIGURE 9-8. Example of early deflation along with late
inflation. The balloon timing is set at a 1:2 ratio. Note
the asthenic appearance of the augmented beat (arrow)
providing little additional perfusion.
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and in the distal artery, only if no signifi-
cant stenosis is present. However, in the
presence of a severe coronary stenosis,
coronary blood flow velocity in the distal
artery does not increase with the intra-
aortic balloon pump. This suggests that
the dramatic relief of ischemia afforded
by the balloonpump in patientswith crit-
ical coronary stenoses is from afterload
and preload reduction, thereby decreas-
ing myocardial oxygen demand, rather
than via a direct increase in coronary
blood flow.5–8

The hemodynamic benefits vary in an
individual and depend upon the degree
of ventricular impairment, the under-
lying cardiac rhythm, the systemic vascu-
lar resistance, and the timing and volume
of balloon inflation. The balloon pump
should be thought of as a support device
and not an artificial heart; it aug-
ments cardiac output and is less effective
in patients with profoundly depressed
cardiac output. Similarly, patients with
excessive tachycardia have diminished
diastolic filling times, decreasing the effi-
cacy of the device. Patients with cardio-
genic shock and low systemic vascular
resistance will have little or no additional
afterload reduction and are unlikely to
achieve any diastolic pressure augmen-
tation. For this reason, the intra-aortic
balloon pump is not an effective treat-
ment for septic shock or other, noncardio-
genic causes associated with low systemic
vascular resistance. Finally, the optimal
benefits are seen only when the timing
of inflation and deflation are correct and
when the appropriate volume of inflation
is used; improper timing or inadequate
inflation volumes may not provide bene-
ficial effects and may, in the event of
improper timing, be detrimental.

Timing of inflation and deflation can
best be accomplished by placing the
pump on a 1:2 mode (inflated once for
every two cycles) (Figure 9-7). Onset of
inflation optimally occurs just after the
dicrotic notch. Deflation should be com-
pleted prior to the beginning of aortic
ejection, as evidenced by a lower end-
diastolic pressure for the augmented
compared to the unaugmented beat.
Recognizing faulty timing is important
because improper timing may, at mini-
mal, fail to achieve a therapeutic effect
or worse—clinical deterioration (Figures
9-8 to 9-10). Early deflation or late infla-
tion of the balloon causes inadequate
augmentation and either no or poor
additional perfusion pressure. Late defla-
tion or early inflation may be harmful.



FIGURE 9-10. Example of early inflation and late defla-
tion. The balloon timing is set at a 1:2 ratio. The arrows
point to the augmented beat. Balloon inflation is occur-
ring prior to the dicrotic notch. Also, the end-diastolic
pressure of the augmented beat is higher than that of
the unaugmented beat consistent with late deflation.

FIGURE 9-9. Example of late deflation. The balloon
timing is set at a 1:2 ratio. The arrows point to the aug-
mented beat. Note that the end-diastolic pressure of
the augmented beat is much higher than that of the un-
augmented beat. This indicates that the balloon pump
remains partially inflated at the beginningof aortic ejection,
increasing afterload with potentially detrimental effects.
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In the case of late deflation, increased
impedance and increased afterload are
present because of ejection against a par-
tially inflated balloon. In the event of
early inflation, the aortic valve has not
yet closed; the inflating balloon may
cause aortic regurgitation and increased
impedance with adverse consequences.
The intra-aortic balloon pump is indi-

cated formost causes of cardiogenic shock
and is effective at stabilizing hemody-
namics in patients with mechanical com-
plications of acute myocardial infarction
(acute mitral regurgitation and ventricu-
lar septal defect).9,10 It may not benefit
patients with shock from right ventricu-
lar infarction, unless associated with a
large left ventricular infarction and eleva-
tion in pulmonary capillary wedge pres-
sure that causes increased right
ventricular afterload. The balloon pump
improves the hemodynamic and rhythm
status of patients with shock from malig-
nant ventricular arrhythmia.11 In cardio-
genic shock from ischemic pump failure,
the balloon pump improves clinical sta-
bility but appears most useful when cou-
pled with revascularization.12,13 Patients
with decompensated aortic stenosis or
shock from acutemitral regurgitation also
improve and, in patients with end-stage
heart failure, the balloon pump provides
abridge to transplantationor a ventricular
assist device.
The balloon pump is contraindicated

in patients with significant aortic regur-
gitation and in patients with aortic
dissection. The device is relatively con-
traindicated in the setting of peripheral
vascular disease, aortic aneurysm, and
in those without a clear end point such
as a coronary revascularization pro-
cedure, transplantation, or a ventricular
assist device. Severe iliac tortuosity may
not allow passage of the relatively stiff
device. The numerous potential compli-
cations of an intra-aortic balloon pump
have been reviewed.3,4
Chronic Left Ventricular
Failure
Chronic left ventricular dysfunction is
caused either by chronic ischemic heart
disease or from numerous nonischemic
etiologies such as idiopathic, viral, alco-
holic, or hypertensive cardiomyopathy.14

Left ventricular dilatation and several
other compensatory mechanisms ensue
regardless of the inciting cause of left-
heart failure. The hemodynamic findings
in dilated cardiomyopathy are relatively
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nonspecific. Theymay be entirely normal
if the patient is well compensated. With
decompensation, the left ventricular end-
diastolic pressure elevates, resulting in ele-
vation of the pulmonary capillary wedge
pressure and passive elevations in the
pulmonary artery, right ventricular, and
right atrial pressures. The cardiac output
is usually normal or mildly reduced with
the potential for marked reduction in car-
diac output and a correspondingly low
mixed venous saturation in severe cases.

The intact pericardiumplays an impor-
tant role in the hemodynamics of both
acute and chronic heart failure. With
acute heart failure, the abrupt increase
in cardiac chamber volume within the
confines of a relatively inelastic pericar-
diummay cause a hemodynamic finding
similar to constrictive pericarditis.15 In
chronic heart failure with left ventricular
enlargement, the constraining effect of
the pericardium couples the ventricles
via the intraventricular septum. In other
words, changes in volume in one cham-
ber influence the opposing chamber.
This phenomenon is used to explain the
mechanism by which diuresis improves
left ventricular stroke volume in chronic
heart failure. The Frank-Starling mecha-
nism states that a decrease in chamber
volume (preload)woulddecrease strokevol-
ume; however, diuresis improves stroke
volume when there is cardiac chamber
enlargement and high filling pressures
because diuresis decreases right ventric-
ular chamber volume; this allows an
increase in left ventricular diastolic vol-
ume, thereby improving left ventricular
stroke volume.16

Severe left ventricular dysfunction is
associated with several abnormalities on
the left ventricular pressure waveform.
In patients with normal systolic func-
tion, left ventricular upstroke (or Dp/Dt)
is briskwith a rapid decline after reaching
peak systolic pressure. With the onset
of diastole, left ventricular pressure is
normally very low (zero or evennegative)
and rises throughout diastole to reach an
end-diastolic pressure of 10–12 mmHg.
Patients with severe left ventricular dys-
functionmay show a slow rise in left ven-
tricular pressure due to poor contractility
that yields a triangular appearance to the
left ventricular waveform (Figure 9-11).
In addition, left ventricular diastolic
pressure is high early in diastole, with left
ventricular end-diastolic pressure reach-
ing very high levels (40–50 mmHg).
A prominent a wave is often seen on the
left ventricular tracing due to atrial con-
traction against an already high end-
diastolic volume within a noncompliant
ventricle (Figure 9-12). In patients with
heart failure, the left ventricular end-
diastolic pressure is often used as a surro-
gate for mean left atrial pressure; how-
ever, a prominent a wave may interfere
with accurate estimation of left atrial
pressure. In such cases, the left ventricu-
lar pre-a wave pressure, or the mean left
ventricular diastolic pressure, correlates
well with mean left atrial pressure.17

A large v wave may be seen on the pul-
monary capillary wedge pressure tracing
in severe heart failure without asso-
ciated mitral regurgitation. Normally,
at low pressures and volumes, the small
additional increase in volume that
occurs during passive left atrial filling
when the mitral valve is closed causes
just a small rise in pressure and a physi-
ologic v wave. In heart failure, the dis-
tended volumes of the left atrium shift
the compliance curve to the right so
that the additional volume from passive
atrial filling causes a large increase in
pressure, generating a substantial v wave
(Figure 9-13).
Pulsus alternans represents an unusual

and interesting hemodynamic sign of a
failing heart. The sign is manifest by an
alternating rise and fall in aortic systolic
pressure from beat to beat while the
patient is in a regular cardiac rhythm



FIGURE 9-12. Example of a large a wave on a left ven-
tricular (LV) pressure waveform in a patient with heart
failure.

0 mmHg

LV

50

FIGURE 9-11. Left ventricular
pressure waveform in a patient with
severe left ventricular dysfunction
with a delayed upstroke and pres-
sure decay lending a triangular
appearance.

FIGURE 9-13. Prominent v wave on a pulmonary capil-
lary wedge pressure tracing in a patient with heart failure
from severe left ventricular systolic dysfunction and no
mitral regurgitation.
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FIGURE 9-14. Example of pulsus alternans present on
an aortic pressure tracing in a patient with severe left ven-
tricular dysfunction.

FIGURE 9-15. These tracings were obtained from the
same patient shown in Figure 9-14 and demonstrate pul-
sus alternans on the right (green) and left ventricular (LV)
pressure tracings.
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(Figure 9-14). This case is different from
a pulsus bigeminus, which is seen with an
atrial or ventricular bigeminal rhythm,
or a pulsus paradoxus, in which the rise
and fall of aortic systolic pressure is
related to the respiratory cycle. Pulsus
alternans usually implies serious under-
lying myocardial disease. It occurs in
association with severe aortic stenosis,
cardiomyopathy, and severe coronary
artery disease. However, it has been
described in normal hearts after termi-
nation of a supraventricular tachycardia.
It may be accentuated by decreasing
venous return such as what occurs with
inferior vena caval occlusion and may
become more apparent after a prema-
ture ventricular beat. The pattern of
alternating rise and fall in systolic pres-
sure may be seen on the left ventricular,
right ventricular, and pulmonary artery
waveforms, in addition to the aortic
waveform (Figure 9-15). Both right ven-
tricular and pulmonary arterial pulsus
alternans may be seen independent of
left-sided pulsus alternans if there is iso-
lated right-heart failure. Isolated atrial
alternans has also been described. The
cause of pulsus alternans is not entirely
clear. One explanation suggests that it
might be due to alternation of myocar-
dial contractility on a beat-to-beat basis
due to a loss of the number of cells that
contract on alternate beats because of
abnormal intracellular calcium cycling—
that is, a form of localized electrical
mechanical dissociation.18
Pulmonary Hypertension in
Chronic Heart Failure
Secondary pulmonary hypertension
may complicate the clinical course of
patients with chronic heart failure, reduc-
ing exercise capacity, accentuating the
propensity for right-heart failure, and
increasing mortality. Elevations in pul-
monary artery, or PA, pressure may be
seen in patients with chronic heart fail-
ure simply because the circuit composed
by the left ventricle, left atrium, pulmo-
nary veins, and pulmonary arteries is in a
series, and thus a rise in left atrial pressure
(and thus the pulmonary capillary wedge
pressure, or PCWP) will passively elevate
the pulmonary artery systolic pressure.
In such cases, pulmonary vascular resis-
tance is normal. Based onOhm’s law, pul-
monary vascular resistance (or PVR) in
Wood units is calculated as follows:

PVR ¼ ðMean PAÞ � ðMean PCWPÞ
Cardiac output
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Multiplying the PVR in Wood units
by 80 converts this measurement to the
resistance units of dynes-sec-cm5; a nor-
mal pulmonary artery systolic pressure is
20–25 mmHg, and normal PVR is about
70 dynes-sec-cm5. In patients with chro-
nic heart failure, abnormal pulmonary
vascular resistance is present when PVR
is >2 Wood units or the transpulmonary
gradient (meanPA–meanPCWP) exceeds
15 mmHg.
Pulmonary hypertension with in-

creased pulmonary vascular resistance
may be caused either by excessive pul-
monary vascular tone or from chronic
structural changes in the pulmonary
vasculature. Dysregulation of vascular
tone in chronic heart failure is attribu-
ted to endothelial dysfunction.19,20 The
pulmonary vascular endothelium pro-
duces both nitric oxide (NO), an impor-
tant vasodilator of pulmonary vessels,
and endothelin, a vasoconstrictor. A fine
balance between these opposing agents
maintains normal vascular tone. Pulmo-
nary vascular endothelial dysfunction in
chronic heart failure decreases NO and
increases endothelin, tipping the bal-
ance toward vasoconstriction, causing
pulmonary hypertension. This mecha-
nism is readily reversible with adminis-
tration of vasodilator agents. However,
NO also inhibits vascular smooth
muscle cell proliferation and hypertro-
phy; therefore, a decrease in NO contri-
butes to more permanent structural
changes in the pulmonary vasculature,
including intimal fibrosis and medial
hypertrophy, which are much slower
to reverse and are not responsive to
vasodilator agents.
Administration of vasodilator agents

assists the physician to decide whether
increased pulmonary vascular resistance
in patients with secondary pulmonary
hypertension from chronic heart failure
is reversible. This represents an important
determination for patients considered for
heart transplantation, because the unac-
customed right ventricle of the trans-
planted heart may fail in patients with
fixed pulmonary hypertension.
Proposed methods of determining

whether increased pulmonary resistance
is reactive or fixed involve the adminis-
tration of various vasodilator agents,
including inhaled NO,21 prostacyclin,22

and nitroprusside.23 Many cardiac cathe-
terization laboratories use nitroprusside
infusion based on their familiarity with
the drug and its relatively easy means
of administration. At the University of
Virginia, patients with chronic heart fail-
ure who undergo evaluation for heart
transplantation are given nitroprusside
infusion if the pulmonary artery systolic
pressure exceeds 50 mmHg, if pulmo-
nary vascular resistance exceeds 4 Wood
units, or if the transpulmonary gradient
is more than 15 mmHg. Arterial pressure
is monitored continuously with infusion
of nitroprusside beginning at 0.25 mg/
kg/min, increasing every 2 minutes by
0.25-mg increments until systemic arte-
rial blood pressure drops by at least 15%
from baseline.
Using a similar protocol, investiga-

tors at Stanford reported a 3-month
mortality after transplantation of only
3.8% for patients found to have revers-
ible pulmonary hypertension with nitro-
prusside compared to 40.6% for patients
whose pulmonary vascular resistance
remained>2.5Wood units despite nitro-
prusside and 27.5% for those whose
pulmonary vascular resistance dropped-
below 2.5 Wood units but at the expense
of systemic hypotension.23 Thus, this
fairly simple technique provides useful
information in the evaluation of pati-
ents with heart failure and secondary
pulmonary hypertension. An example
of the use of nitroprusside infusion to
determine reversibility of pulmonary
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hypertension in a patient under evalua-
tion for heart transplantation is shown
in Figure 9-16.

Heart failure patients with secondary
pulmonary hypertension develop com-
pensatory right ventricular hypertrophy,
resulting in noncompliance of the right
ventricle. This may manifest by a pro-
minent a wave on the right ventricu-
lar waveform (Figure 9-17). Ultimately,
chronic heart failure with secondary pul-
monary hypertension causes right-heart
failure with annular dilatation and tri-
cuspid regurgitation, notable on a right
atrial waveform by a prominent v wave
(Figure 9-18).
FIGURE 9-16. These tracings demonstrate reversible pulmo
and left ventricular dysfunction with pulmonary hypertensi
67/22 mmHg with a mean pressure of 37 mmHg. The mean
a cardiac output of 3.3 L/min. Thus, the transpulmonary gradi
resistance ¼ 12/3.3 ¼ 3.6 Wood units. Nitroprusside was infus
to 103/64 mmHg. Pressures were remeasured at peak nitropru
and (B) the pulmonary artery pressure decreased to 43/15 mm
nary capillary wedge pressure decreased to 16 mmHg. This
1.8 Wood units.
Cardiac-Transplantation
Hemodynamics
Several interesting hemodynamic find-
ings occur followingheart transplantation.
In patients without severe, fixed pulmo-
nary hypertension, pulmonary pressures
fall tonearnormalwithin2weeksof trans-
plantation.24 However, the donor right
ventricle dilates early after transplanta-
tion in response to the recipient’s abnor-
mal pulmonary vasculature and may
remain dilated despite the rapid fall in
pulmonary pressures. Accordingly, tricus-
pid regurgitation from annular dilatation
is common in the transplanted heart.
nary hypertension in a patient with chronic heart failure
on. A, At baseline, the pulmonary artery pressure was
pulmonary capillary wedge pressure was 25 mmHg with
ent was 37–25, or 12 mmHg, and the pulmonary vascular
ed until the arterial blood pressure decreased from 124/78
sside infusion. The cardiac output increased to 5.1 L/min
Hg with a mean pressure of 25 mmHg. The mean pulmo-
resulted in a pulmonary vascular resistance of 9/5.1, or



FIGURE 9-18. Prominent v waves on the right atrial (RA)
pressure waveform consistent with tricuspid regurgitation
in a patient with severe pulmonary hypertension.

FIGURE 9-17. Patient with pulmonary hypertension
who demonstrates a large a wave (arrow) on the right
ventricular pressure waveform.
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The transplanted heart often exhibits
abnormal right-heart hemodynamics
consistent with restrictive physiology.
The early pioneers of cardiac transplanta-
tion observed prominent a and v waves
and rapid y descent upon physical exam-
ination of the jugular venous pulse,
similar to individuals with restrictive
disease, in patients experiencing acute
rejection.25 Restrictive abnormalities
include (1) elevation of right atrial pres-
sure, (2) prominence of the y descent,
and (3) elevated right ventricular end-
diastolic pressure with an early diastolic
dip followed by an exaggerated and
abrupt rise in right ventricular diastolic
pressure prior to the awave. These restric-
tive abnormalities occur commonly in
nearly all patients in the early posttrans-
plantation period, resolving by 9 weeks
in the absence of rejection (Figure 9-19).26

In patients without histological rejection,
a mean right atrial pressure of 10 mmHg
and a y descent of >7 mmHg recorded in
the first few weeks after transplantation
decreased to a mean right atrial pressure
of 4 mmHg and a y descent <5 mmHg.26

Many of these early abnormalities are
attributed to the adaptation of the donor
right heart to the recipient’s abnormal
pulmonary vasculature.
Persistence of restrictive hemodynam-

ics, long-term after transplantation, has
been observed in at least 15% of patients
studied in average of 5 years after trans-
plant and was associated with more
rejection episodes than patients without
this hemodynamic finding.27 Further-
more, the return of a restrictive pattern
on right-heart pressure waveforms corre-
lates with the presence of acute rejection
by histology (Figure 9-20). This finding
is a specific but not very sensitive indica-
tor of rejection. One study found a right
atrial mean pressure >11 mmHg or a
y descent >10 mmHg to be 94% and
96% specific, respectively, for moderate
rejection on histology but only associated
with a sensitivity of 41%and 52%, respec-
tively.26 These abnormalities often im-
prove with treatment of rejection, but
right ventricular diastolic pressures may
remain elevated >10 mmHg despite reso-
lution of rejection.28 The cause of these
persisting abnormalities is not known



FIGURE 9-20. Hemodynamics obtained during an episode of acute rejection after cardiac transplantation. A, Elevation
of the right atrial (RA) pressure with prominent y descent. B, The right ventricular (RV) waveform shows a dip and plateau
or square-root pattern with elevation of the end-diastolic pressure to 20 mmHg.

FIGURE 9-19. Restrictive pattern in a patient early after heart transplantation. A, Note the prominent y descent on the
right atrial (RA) waveform. B, Elevation of the right ventricular (RV) end-diastolic pressure and a prominent a wave
(arrow).
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and likely represents myocardial fibrosis
or right ventricular remodeling.

Most cases of rejection have modest
effects on right-heart pressures. Rarely,
severe, acute rejectionmay cause striking
hemodynamic abnormalities. Atrializa-
tion of the right ventricular pressure
waveform thought secondary to transient
adynamic function of the right ventricle
has been reported in acute severe rejec-
tion (Figure 9-21).29 This unusual find-
ing has been noted in Uhl’s anomaly
(absence of the myocardium of the right
ventricle) and endomyocardial fibrosis
but, interestingly, not in right ventricular
infarction.



FIGURE 9-21. An unusual hemodynamic abnormality that occurs during an episode of acute, severe rejection after
heart transplantation. A, The right atrial (RA) pressure is elevated with a prominent y descent. B, The right ventricular
(RV) pressure waveform appears similar to the right atrial waveform consistent with atrialization of the right ventricle.
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CH A P T E R 10

Complications of
Acute Myocardial
Infarction
BRANDON BROWN, MD
Despite improvements in recognition,
prevention, and treatment, coronary
heart disease and acutemyocardial infarc-
tion (AMI) are responsible for roughly
one in five deaths and remain significant
public health problems in the United
States. Many of these are sudden and due
to ventricular arrhythmia. In addition to
severe pump failure, themechanical com-
plications, including ventricular septal
rupture, papillary muscle rupture, right
ventricular infarction, and free wall rup-
ture account for a significant propor-
tion of post-MI deaths, even though the
incidence of these complications has de-
creased in recent years.1 This chapter will
review the clinical features, pathophysiol-
ogy, and hemodynamics of each of these
complications.
Cardiogenic Shock Post-
Myocardial Infarction
The inability of the heart to deliver
adequate blood flow to tissues to meet
metabolic demands defines cardiogenic
shock. Clinically, cardiogenic shock is
diagnosed by hypotension combined
with evidence of poor perfusion (oliguria,
cyanosis, cool extremities, and altered
mentation). Cardiogenic shock compli-
cates AMI in nearly 10% of cases.2 Four
clinical variables predict the development
of cardiogenic shock after MI: patient age,
systolic blood pressure, heart rate, and
Killip class.3 Historically, the mortality of
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shock that complicates MI has been as
high as 80%–90%. 4 However, lower rates
of mortality have been observed in more
contemporary series, ranging from 56%–
74%.5,6 Angiographic and pathologic
studies have demonstrated a higher inci-
dence of left anterior descending artery
occlusion,multivessel coronary artery dis-
ease, and persistent occlusion of the
infarct-related artery among those with
cardiogenic shock.
In the setting of AMI, cardiogenic

shock is most often the consequence of
an extensive infarction that causes pump
failure. At least 40%of the left ventricular
myocardial mass must be lost to cause
pump failure.7 Right ventricular infarc-
tion, mechanical complications, and ar-
rhythmias (tachy or brady) account for
many of the other causes of cardiogenic
shock in AMI. A very unusual cause
of cardiogenic shock in AMI is from
obstruction of the left ventricular out-
flow tract due to systolic anterior motion
of the mitral valve, induced from distor-
tion of the ventricular chamber from
infarction and the presence of hypercon-
tractile, noninfarcted, adjacent segments
(see Chapter 6).
Cardiogenic shock is often described as

a ‘‘vicious cycle.’’ Hypotension initially
occurs from reduced stroke volume.
In an attempt to maintain tissue perfu-
sion, several compensatory mechanisms
primarily involving the sympathetic ner-
vous system are activated. The heart rate
increases, inotropic stimulation increases,
and the peripheral arterial beds vaso-
constrict. Fluids shift into the intravascu-
lar space. The kidneys play an important
role in compensation. Reduced renal
perfusion pressure activates the renin-
angiotensin system, and aldosterone
secretion results in sodium and water
absorption by the kidneys. Antidiuretic
hormone is released as a result of hypo-
tension and contributes to renal water re-
sorption. Atrial stretch stimulates natriuretic



FIGURE 10-1. This aortic pressure tracing obtained
in a patient with cardiogenic shock demonstrates a low
systolic pressure and a reduced pulse pressure.
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peptide release, promoting renal excre-
tion of sodium andwater that counteracts
the actions of angiotensin II. Blood is
redistributed away from nonvital organs
such as skin, intestines, and skeletal mus-
cle.With continued tissuehypoperfusion,
metabolic acidosis further depresses myo-
cardial contractility and worsens stroke
volume, contributing to the downward
spiral. Eventually, compensatory mech-
anisms are overwhelmed, vasodilation
ensues, and cardiovascular collapse results.

One challenge in the diagnosis of
cardiogenic shock is its differentiation
from other, noncardiogenic causes of
shock. This can usually be accomplished
by defining the hemodynamic derange-
ments. Low systolic blood pressure
(<90 mmHg) coupled with decreased
cardiac index (<2.2 L/min/m2), elevated
pulmonary capillary wedge pressure,
and elevated systemic vascular resistance
(SVR) characterizes cardiogenic shock
(see Chapter 9). Although the SVR is
elevated in most cases due to excessive
vasoconstriction, this paradigm has been
challenged by data from patients with
confirmed cardiogenic shock in the
SHOCK trial in which the SVR varied
widely and on average was not elevated
despite the use of vasopressors.8 This
may be explained by the induction of
systemic inflammation and a vasodilated
state similar to sepsis. Similarly, although
elevation of the pulmonary capillary
wedge pressure helps distinguish cardio-
genic from other forms of shock, excep-
tions exist. For example, myocardial
depression may complicate septic shock
and elevate the wedge pressure. In addi-
tion, elevation of the wedge pressure is
often present in patients with infarction,
with or without pulmonary congestion.9

Although arterial hypotension is the
hemodynamic hallmark of cardiogenic
shock, bloodpressuremaybemaintained
despite poor tissue perfusion.9 Examina-
tion of the aortic waveform may provide
important clues. Often, a reduced pulse
pressure is apparent due to a reduction
in the strength of contraction and dimin-
ished stroke volume (Figure 10-1).
Intra-Aortic Balloon Pump
Hemodynamics
Intra-aortic balloon pump (IABP) coun-
terpulsation, first introduced in 1962,
represents a vital tool in themanagement
of cardiogenic shock that complicates
AMI, particularly when used in conjunc-
tion with revascularization.10–12 In addi-
tion to improving the hemodynamic
status of patients with profound pump
failure fromextensive infarction, the IABP
also stabilizes hemodynamics in patients
with mechanical complications such as
ventricular septal rupture andacutemitral
regurgitation.13,14 Its role in stabilizing
patients with right ventricular infarction
is less clear.
The IABP is inserted percutaneously

over a guidewire through the femoral
artery into the descending aorta distal
to the left subclavian artery. The balloon
is timed to inflate during diastole
against a closed aortic valve, displacing
30–50 mL of blood volume (depending
on balloon size), and increasing the



FIGURE 10-2. Example of proper timing of an intra-
aortic balloon pump placed in a patient with cardiogenic
shock. The pump is set to a 1:2 ratio, so it inflates once for
every two cardiac cycles. Inflation occurs on the dicrotic
notch, producing a large augmentation wave that provides
perfusion pressure. Deflation should occur before the next
systole, indicated by a lower end-diastolic pressure for the
augmented beat compared to the unaugmented beat
because of afterload reduction.

166 Textbook of Clinical Hemodynamics
aortic diastolic pressure (diastolic augmen-
tation). At the end of diastole, the balloon
rapidly deflates, creating a potential space
of 30–50 mL within the aorta. This
reduces aortic impedance, resulting in a
reduction of aortic end-diastolic pressure
and afterload reduction. The hemodyna-
mic effects of IABP counterpulsation have
been described in detail in Chapter 9.
A summary of the hemodynamic benefits
of the IABP in cardiogenic shock is pre-
sented in Table 10-1. The safety of these
devices has improved in recent years,
and the incidence of vascular complica-
tions, once reported to be as high as 5%–
20%, has declined with the introduction
of smaller sheaths and sheathless inser-
tion techniques.15–17 Contraindications
include severe aortic regurgitation, aortic
dissection, abdominal aortic aneurysm,
and severe peripheral arterial disease.
The timing and volume of balloon

inflation affect the hemodynamic res-
ponse. Inflation should occur early in
diastole and timed with the dicrotic
notch. Deflation occurs just prior to sys-
tole, resulting in a lower end-diastolic
pressure for the augmented cycle com-
pared to the unaugmented cycle (Figure
10-2). IABP triggering is typically based
on the R-wave on the electrocardiogram
but can be set according to AV pacing,
internal timing, or the aortic pressure
wave. Recognizing incorrect timing of
inflation and deflation is crucial, because
it may lead to a lack of hemodynamic
benefit or even clinical deterioration (see
Chapter 9).
TABLE 10-1. Effects of Intra-Aortic Balloon
Pump in Cardiogenic Shock

HEMODYNAMIC VARIABLE EFFECT

Diastolic pressure, aorta þ þ þ þ
Systolic pressure, aorta � �
Mean pressure, aorta þ þ
Cardiac output þ þ
Heart rate � or no change
Coronary blood flow þ or no change
Right Ventricular Infarction
Infarction of the right ventricle may
present with dramatic hemodynamic
consequences and is one of the major
causes of cardiogenic shock in patients
with acute infarction. Initially described
as a distinct clinical entity in 1974, it usu-
ally occurs in association with between
one third and one half of all inferior wall
MIs.18,19 Occlusion of the right coronary
artery proximal to the right ventricular
marginal branches is the most common
cause, but right ventricular infarction
may also occur with occlusion of the left
circumflex or even the left anterior des-
cending in a minority of patients.19,20

Rarely, itmay occur in isolation (i.e., with-
out associated left ventricular infarction)
from occlusion of a nondominant right
coronary artery or right ventricular mar-
ginal branch.
Interestingly, not all cases of proximal

right coronary occlusion cause right ven-
tricular infarction. Thismay be explained
by several mechanisms. Oxygen demand



TABLE 10-2.
Important Variables That Impact
the Pathophysiology of Right
Ventricular Infarction

Right Ventricular Systolic Dysfunction
Decreased left-sided preload
Right ventricular dilatation

Right Ventricular Diastolic Dysfunction
Diminished compliance of right ventricle
Elevated filling pressures

Pericardial Constraint
Increases right-sided filling pressures
Enhances systolic ventricular interactions via the

septum

Systolic Ventricular Interactions via the Septum
Impaired left ventricular function
Dependence on left ventricular function to enhance

pulmonary blood flow

Right Atrial Function
Maintains preload
Loss of atrial function more important than other

infarctions
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is much lower in the right ventricle given
its smaller muscle mass. Accordingly, the
susceptibility of the right ventricle to
infarction and ischemia is increased in
patients with right ventricular hyper-
trophy. Other protective mechanisms
include collateral supply of the right ven-
tricle and, possibly, perfusion of the right
ventricular myocardium directly from
the blood in the ventricular cavity via
the thebesian veins. Also, each of these
factors is felt to explain the high likeli-
hood of recovery of right ventricular
function following infarction. Early rec-
ognition of right ventricular infarction
remains important because, although
the long-term prognosis of right ventric-
ular infarction is good, the in-hospital
morbidity and mortality is high.21,22

The clinical consequences of right ven-
tricular infarction vary from no apparent
hemodynamics abnormality to profound
shock and cardiovascular collapse. This
wide spectrum of clinical presentations
is because the pathophysiology of right
ventricular infarction depends on many
complex factors (Table 10-2). Each factor
plays varying roles in any given patient,
explaining the variety of hemodynamic
findings observed in this condition.

The pathophysiology of right ventricu-
lar infarction is complex. Acute ischemia
of the right ventricle results in profound
systolic dysfunction,which decreases right
ventricular stroke volume and peak
systolic pressure and thus left ventricular
preload. Cardiac output falls. The right
ventricle acutely dilates. Acute ischemia
also results in diastolic dysfunction. This
elevates right-sided filling pressures
during diastole and increases resistance
to early filling. The pericardial space
becomes filled with the acutely dilated
right ventricle, which increases intraperi-
cardial pressure, further impairing right
ventricular and left ventricular filling.
Furthermore, the effect of pericardial con-
straint also facilitates systolic ventricular
interactions mediated by the septum by
shifting the interventricular septum to-
ward the preload-deprived left ventricle,
further decreasing left ventricular filling
and cardiac output. Left ventricular con-
traction may cause septal bulging to the
right, which may be sufficient to gener-
ate systolic force and augment pulmo-
nary blood flow. Thus, if an associated
large left ventricular infarction is present,
this force may be lost and cause further
worsening of hemodynamics. Finally,
the right atrium plays an extremely
important role in maintaining adequate
right ventricular preload. If an extensive
associated right atrial infarction is pres-
ent, or if loss of AV synchrony from heart
block or atrial fibrillation occurs, signifi-
cant hemodynamic deterioration may
ensue.
Thenet effect of right ventricular infarc-

tion is that left-sided filling pressure
may be low, despite elevated right-sided
pressure, which is clinically apparent by
the triad of hypotension, clear lung fields,
and elevated jugular venous pressure. The



FIGURE 10-3. Right atrial waveform from a patient with
right ventricular infarction, demonstrating a large a wave
with prominent x descent and a blunted y descent.

FIGURE 10-4. Example of the W pattern seen on a right
atrial waveform in a patient with right ventricular infarc-
tion. Note the prominent a wave.
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physical exammay also reveal Kussmaul’s
sign (paradoxical distension of the neck
veins with inspiration), a feature that is
both sensitive and specific for right ven-
tricular infarction.23 The physical find-
ings may be confused with pericardial
disease because right ventricular in-
farction mimics both tamponade and
constrictive pericarditis.
Possible hemodynamic findings of

right ventricular infarction include ele-
vated right atrial pressure typically
exceeding the pulmonary capillary wedge
pressure. The right atrial pressure often
exceeds 10 mmHg, and the ratio of right
atrial pressure to pulmonary capillary
wedge pressure is >0.8.18 These hemody-
namic findings may be masked by intra-
vascular volume depletion and only
emerge with volume loading.24 The con-
dition in which right atrial pressure
exceeds left atrial pressure may cause
right-to-left shunting in the presence of
a patent foramen ovale. This unusual
scenario should be suspected in the event
of unexplained hypoxia not corrected
with oxygen administration in the setting
of right ventricular infarction.
Elevated right atrial pressure is primar-

ily from right ventricular diastolic dys-
function, but pericardial constraint and
right ventricular failure also contribute.
Impaired filling of the right ventricle is
evidenced by a blunted y descent on the
right atrial waveform (Figure 10-3). The
a wave on the right atrial tracing reflects
the strength of contraction of the right
atrium. In right ventricular infarction,
right atrial contraction is enhanced by
the increased preload, resulting in aug-
mentation in the height of the a wave.
The x descent may be steep because of
enhanced atrial relaxation. This may be
seen as a W pattern on the right atrial
waveform (Figure 10-4). These features
benefit right ventricular filling. However,
if infarction involves the right atrium,
then the a wave and x descents are
depressed. This produces a characteristic
M pattern. Thus, two hemodynamic sub-
types exist based on the status of the right
atrium, with both having a relatively
blunted y descent. The first, orW pattern,
is usually associated with right coronary
artery occlusion proximal to the right
ventricular branches but distal to the
right atrial branches and is associated
with better hemodynamics than the
second, or M pattern, associated with
occlusion of the right coronary artery
proximal to the right atrial branches
and worse hemodynamics. Although
the hemodynamics are better in those
with a W pattern than those with an M
pattern, those with a W pattern can
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decompensate quickly when they lose
A-V synchrony.

Right ventricular systolic dysfunction
results in a right ventricular pressure
tracing characterized by a broad upstroke
that reflects a depressed upstroke,
reduced peak pressure, and delayed relax-
ation. The diastolic portion of the right
ventricular pressure curve has been
described as a dip and plateau that reflects
decreased compliance as well as the con-
straining forces of the pericardium (Fig-
ure 10-5). This constraint imparted by
the pericardium may also produce
FIGURE 10-5. Right ventricular waveform in a patient
with right ventricular infarction, demonstrating the square
root sign or dip and plateau during diastole.

FIGURE 10-6. A–B, Examples of equalization of the right ve
constriction pattern. B, Note how the early left ventricular d
pressure due to impaired left ventricular filling and reduced pr
equalization of left and right ventricular
diastolic pressures similar to constrictive
pericarditis (Figure 10-6).
The treatment of right ventricular

infarction includes prompt reperfusion,
maintenance of right ventricular pre-
load, reduction of right ventricular after-
load, and inotropic support of the
failing ventricle. The benefit of reperfu-
sion in the setting of right ventricular
infarction has not been well defined,
but several studies have shown lower
rates of right ventricular infarction and
more rapid recovery in right ventricular
function in patients who undergo
successful reperfusion of the infarct-
related artery.21,25 Because of preload
dependence, volume infusion improves
hypotension and low cardiac output
associated with right ventricular infarc-
tion, often requiring several liters of nor-
mal saline. Once a patient is euvolemic,
however, there is little additional benefit
of volume infusion in improving car-
diac output, and more aggressive infu-
sion of volume may lead to pulmonary
edema, particularly if there is a large,
associated left ventricular infarction
that impairs left ventricular function.
Recognition of preload dependence is
ntricular and left ventricular diastolic pressures or pseudo-
iastolic pressure is lower than right ventricular diastolic
eload.
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important because many of the drugs
typically used to treat patients with AMI
such as nitrates or diuretics may produce
deleterious hemodynamic effects if right
ventricular infarction is also present.
If volume replacement fails to improve
cardiac output and blood pressure, then
inotropic support with dobutamine
should be instituted. Dobutamine may
also improve forward flow by reducing
pulmonary vascular resistance and there-
fore right ventricular afterload. Right
ventricular afterload may also be in-
creased when left ventricular dysfunction
accompanies right ventricular infarction
by increasing pulmonary venous pres-
sures. In this setting, afterload-reducing
drugs such as nitroprusside may be ben-
eficial. An IABP may be beneficial. Main-
tenance of atrioventricular synchrony
is extremely important because the loss
of atrial contraction may have dramatic
hemodynamic consequences in rightven-
tricular infarction. Cardioversion of atrial
fibrillation shouldbeperformedpromptly
at the first sign of hemodynamic deterio-
ration and AV pacing considered if heart
block develops.
Ventricular Septal Rupture
Post-Myocardial Infarction
Rupture of the interventricular septum
is a relatively rare mechanical complica-
tion that occurs 3 to 5 days following
infarction but may appear within the
first 24 hours or on presentation, particu-
larly in patients treated with thrombo-
lytic therapy.26 The incidence has been
reduced from 2.0% to 0.2% in the reper-
fusion era.26 Risk factors for rupture in
the modern era include advanced age
and female gender. 27 Pre-infarct angina
and the development of coronary collat-
erals in the infarct-related artery are asso-
ciated with reduced risk of rupture.28

Ventricular septal rupture is seen more
frequently in anterior infarctions where
the defect is located in the apical septum;
with inferior infarcts, the defect is loca-
ted in the basal inferoposterior septum.
Rupture occurs at the margin of necrotic
and healthy myocardium and may be a
discrete defect that ranges from a few
millimeters to several centimeters wide or
the rupture may be an irregular and ser-
piginous connection.Associated right ven-
tricular infarction is common, and when
right ventricular dysfunction is present,
prognosis is significantly worsened.29,30

Patients with a ruptured ventricular
septum present with abrupt onset of
hemodynamic collapse characterized by
hypotension, shock, dyspnea, chest
pain, and a harsh, holosystolic murmur.
A thrill may be detected in up to 50% of
patients. Unlike acute mitral regurgita-
tion from papillary muscle rupture, pul-
monary congestion is distinctly unusual
in ventricular septal rupture, leading to
the adage, ‘‘A new murmur with the
patient lying flat is ventricular septal rup-
ture and a new murmur with the patient
sitting bolt upright short of breath is
acute mitral regurgitation.’’
The major hemodynamic findings

relate to the left-to-right shunt created
from the ruptured septum. A significant
left-to-right shunt causes an acute incr-
ease in pulmonary blood flow and over-
load of the left heart. An oxygen step-up
at the ventricular level is detectable by
the use of a pulmonary artery catheter,
and the shunt size can be calculated by
oximetry (see Chapter 3) (Figure 10-7).
Multiple factors determine the degree of
shunting, including the size of the defect,
pulmonary and systemic vascular resis-
tances, and left and right ventricular sys-
tolic function. As left ventricular systolic
function deteriorates and cardiac output
diminishes, compensatory vasoconstric-
tion leads to increased systemic vascular
resistance, increasing the left-to-right
shunt.
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FIGURE 10-7. These oximetry data were obtained in a
patient with an inferior wall MI and a post-MI ventricular
septal rupture. The low oxygen saturations in the inferior
and superior vena cava are consistent with low cardiac out-
put. A large step-up is apparent from the right atrium to the
right ventricle. A shunt calculation determined the Qp/Qs
¼ 1.5 to 1.0.
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FIGURE 10-8. Prominent v wave
on the pulmonary capillary wedge
pressure tracing in a patient with a
post-MI ventricular septal defect.
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In addition to the usual hemodynamic
findings associated with shock and the
oxygen step-up at the right ventricular
level, ventricular septal rupture causes
moderate elevations in the pulmonary
artery pressure and may cause elevations
in right atrial and right ventricular dia-
stolic pressures, particularly if an asso-
ciated right ventricular infarction is
present. The right atrial pressure may be
markedly elevated and equal to that of
the pulmonary capillary wedge pressure
in patients with large shunts.31 Because
pulmonary blood flow increases, left
atrial filling is increased, and a large v
wavemay be inscribed on the pulmonary
capillary wedge pressure tracing (Figure
10-8).32 Therefore, this finding, typically
associated with severe mitral regurgita-
tion, is not reliable to differentiate ven-
tricular septal defect from acute, severe
mitral regurgitation in a patient with a
new systolic murmur and cardiogenic
shock following MI.
Ventricular septal rupture is a medical

emergency. Initial treatment includes
V-wave
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support with intra-aortic balloon counter-
pulsation, intravenous inotropic agents,
and afterload reduction with sodium ni-
troprusside to reduce left-to-right-shunt.
Early surgical repair is recommended for
patients who are surgical candidates.33

Mortality remains high, especially in
patients with cardiogenic shock, but is
lower than in patients treatedmedically.26

Percutaneous closure of the septal rupture
has been reported successfully as an alter-
native to surgical repair, although the role
of this new technology in this disease
entity remains undefined.34
Papillary Muscle Rupture
Post-Myocardial Infarction
Acute mitral regurgitation due to rup-
ture of a papillarymuscle is a life-threaten-
ing complication of MI that occurs
between 2 and 7 days after infarction.
The papillary muscles are mostly suben-
docardial and are thus susceptible to
ischemia as a result of the increasing
pressure gradient from epicardium to
endocardium, lowering subendocardial
perfusion. The anterolateral head receives
dual blood supply fromboth the left ante-
rior descending and left circumflex
arteries,making it less vulnerable to ische-
mia and subsequent rupture than the
RV

LV

Posteromedial 
papillary muscle

(PDA)

Anterola
papillary m

(LCX + L
posteromedial papillary muscle that
receives its blood from a sole source: the
right coronary artery (Figure 10-9). Thus,
papillary muscle rupture is more com-
monly a complication of inferior infarc-
tion and right coronary occlusion. Often,
the infarct is small, and autopsy studies
demonstrate that papillary muscle rup-
ture occurs most often in the setting of
first MI, suggesting that a relative lack of
collateral circulation may play a role in
the pathogenesis.35

Papillary muscle rupture causes severe,
acute mitral regurgitation. The left atrium
is normally noncompliant (unless preex-
isting mitral regurgitation is present), and
the sudden increase in left atrial volume
rapidly raises left atrial pressure. This
increased pressure transmits to the pulmo-
nary venous circulation, causing acute
pulmonary edema. Because the left atrium
is a low-pressure chamber, most blood
ejected from the left ventricle is directed
toward the left atrium, and forward stroke
volume is markedly diminished. Despite a
compensatory tachycardia, cardiac output
plummets precipitating hypotension and
shock. The increase in systemic vascular
resistancedue to theneurohormonal com-
pensatory response to shock only serves to
worsen the amount of regurgitation.
Papillary muscle rupture presents with

the sudden onset of shortness of breath
teral
uscle
AD)

FIGURE 10-9. Papillary muscles and their
blood supply. The posterior descending coronary
artery (PDA), typically originating from the right
coronary artery, supplies the posteromedial papil-
lary muscle, and both the left circumflex (LCX)
and left anterior descending (LAD) coronary
arteries supply the anterolateral papillary muscle.



Chapter 10—Complications of Acute Myocardial Infarction 173
due to acute pulmonary edema, hypo-
tension, and a new systolic murmur.
Themurmur of acutemitral regurgitation
is best heard at the left sternal border and
may radiate to the back. The murmur is
typically soft, low-pitched, and decre-
scendo as the pressure in the left atrium
rises to that of the left ventricle in end-
systole, diminishing the pressure gradi-
ent between the two chambers. Themur-
mur may be completely inaudible due
to the presence of very high left atrial
pressures and low ventricular systolic
pressures from shock (Figure 10-10). A
suspected diagnosis of papillary muscle
rupture is easily confirmed by echocardi-
ography; transesophageal echocardiogra-
phy may be needed in the rare instances
in which acoustic windows are poor or
the ruptured head of the papillarymuscle
does not prolapse into the left atrium.

The hemodynamic findings are similar
to acute mitral regurgitation seen in
association with other conditions (see
Chapter 4). Hypotension with dimin-
ished pulse pressure, low cardiac output,
and marked abnormalities of right heart
pressures are usually present. A giant v
wave may be present on the pulmonary
0 mmHg
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FIGURE 10-10. Example of a large
v wave on the pulmonary capillary
wedge pressure tracing and low left
ventricular systolic pressure in a
patient with acute, severe mitral
regurgitation from papillary muscle
rupture. Note the small difference
between the peak of the v wave
and the peak systolic pressure. For
this reason, a systolic murmur may
be absent.
capillary wedge pressure, although this
depends on the compliance properties
of the atrium (Figures 10-11 and 10-12).
In addition, a large v wave is not specific
for mitral regurgitation and may be
due to other conditions in the setting of
an acute infarction such as ventricular
septal defect or severe left-sided heart
failure.
Acute mitral regurgitation from papil-

lary muscle rupture is a medical emer-
gency; surgery is the definitive treatment.
Medical therapy plays an important
supportive role to stabilize the patient
prior to surgery. An intra-aortic balloon
pump often coupled with inotropic
support and vasodilators, such as nitro-
prusside, improve hemodynamics that
allows emergency surgery. Although
operative mortality is as high as 20%–
25%, outcomes with medical therapy are
dismal.36 Risk factors for a poor outcome
with surgery includeadvancedage, female
gender, and poor left ventricular systolic
function.37 Mitral valve repair is favored,
and concomitant coronary artery bypass
grafting should be performed as indicated
at the time of valve surgery because this
may improve outcomes.38,39
PCWP



FIGURE 10-11. Example of a large v wave on the pul-
monary capillary wedge pressure tracing in a patient with
severe mitral regurgitation from papillary muscle rupture.
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FIGURE 10-12. Example of a normal v wave on the pulm
severe mitral regurgitation from papillary muscle rupture. Th
of a v wave.
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Left Ventricular Free Wall
Rupture Post-Myocardial
Infarction
Free wall rupture is a dramatic and
often fatal mechanical complication
post-MI. A review of 350,755 patients
included in the National Registry of
Myocardial Infarction revealed an inci-
dence of less than 1%.40 However, rup-
ture of the left ventricular free wall is a
relatively common cause of death in
patients with AMI, accounting for 8%–
26% of deaths post MI.41,42 Traditionally,
rupture occurswithin 5 days of infarction.
Patients are typically elderly, female, pre-
sent late, and likely have little to no collat-
eral flow, as evidenced by the observation
LV

PCWP

onary capillary wedge pressure tracing in a patient with
e compliance of the left atrium determines the presence
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that the infarction is often the patient’s
first event, is completely transmural, and
is usually without an antecedent history
of angina pectoris. Left ventricular free
wall rupture is less common in patients
with a patent infarct-related artery.43

Thrombolytic therapy is associated with
a lower incidence of rupture, except in
patients greater than age 75 who may
have a greater likelihood of rupture fol-
lowing thrombolytic therapy.44,45

Despite initial concerns that suggest an
increased risk of rupture, late administra-
tion of thrombolytics does not appear to
increase the risk of rupture, but it does
accelerate its time of onset.40 The inci-
dence may be lower in patients treated
with percutaneous coronary intervention
as opposed to thrombolytic therapy.46

The pathology of free wall rupture dif-
fers depending on its time of occur-
rence.47 Rupture that occurs within 72
hours of coronary occlusion is character-
ized by a slit-like tear in the infarcted
region of myocardium, whereas cases
that present later (>4 days) are charac-
terized by rupture within an infarct
expansion. Rupture tends to preferen-
tially affect the left ventricle and occurs
at the junction of infarcted and normal
myocardium.

According to the type of presentation,
rupture may be classified as acute or
subacute. Acute rupture is often asso-
ciated with sudden death. In some
patients, rupture presents as an abrupt
collapse from electromechanical dissoci-
ation, resulting from pericardial tampo-
nade. Thus, the hemodynamic findings
are those characteristic of tamponade
(Chapter 8). Often present is an unher-
alded vagal event, perhaps associated
with chest pain, followed by cardiovascu-
lar collapse. The presence of pulseless
electrical activity in a patient with a first
MI has a high predictive accuracy for free
wall rupture.48 Echocardiography may
confirm the diagnosis by demonstrating
a pericardial effusion or echogenic mate-
rial in the pericardial space. Rarely, the
actual tear may be visualized. Pericardio-
centesis yields blood and may temporar-
ily improve the patient’s hemodynamics
to allow a heroic surgeon to definitely
repair the rent in the myocardium, thus
saving the patient’s life. This rarely
occurs, however.
Subacute rupture accounts for one-

third of all cases of in-hospital free wall
rupture and occurs when organized
thrombus and the pericardium are able
to seal the perforation. This results in a
pseudoaneurysm and is often clinically
silent and may be revealed only by a
routine post-infarction echocardiogram
or left ventriculogram. In fact, any sig-
nificant effusion seen by echocardiogra-
phy post-MI should alert the physician
to the presence of a subacute rupture
as pericardial effusion. A patient with
subacute rupture or ventricular pseudo-
aneurysm may unpredictably progress
to complete rupture and tamponade.
Surgery is usually indicated once these
are identified. Surgery is most often
performed with a pericardial patch
placement, using epicardial sutures of
biological glue. Other surgical tech-
niques include infarctectomy with
patch placement and ventricular wall
reconstruction. With prompt recogni-
tion and surgical intervention, a sur-
vival rate of 76% may be attained with
a long-term survival of 48% in one series
of patients with subacute left ventricular
free wall rupture.49
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Congenital Heart
Disease
RAJAN A.G. PATEL, MD, and
D. SCOTT LIM, MD
As many as 85% of infants born with
congenital heart disease can be expected
to survive into adulthood.1 In the United
States, the total number of adults with
congenital heart disease is increasing at a
rate of about 5% per year. Now more
adults have congenital heart disease than
children. This number includes both
unrepaired and surgically corrected pati-
ents.2 The population of patients with
congenital heart disease who reach adult
life grows each year due to advances in
interventional and noninvasive cardiol-
ogy, cardiothoracic surgery, and intensive
care. As such, a growing number of adult
patients with congenital heart disease is
likely to present to the general cardiolo-
gist as opposed to the uncommon sub-
specialty adult congenital heart disease
clinics. The American College of Cardi-
ology Task Force 1 on congenital heart
disease estimated that at least 10% of
patients with congenital heart disease are
diagnosedasadults. Furthermore, thecon-
sensus opinionof this committeewas that
the number of adults with undiagnosed
congenital heart disease is increasing due
to the growing immigrant population.1

A sound understanding of the hemody-
namics associated with the common
congenital heart disease lesions provides
valuable insight into thepathophysiology
of these conditions.
Our understanding of the physiology

of congenital heart disease in humans
was largely theoretical until the 1940s
when Dexter et al.3 published the first
178
manuscript that described the use of
right-heart catheterizationtoassesshemo-
dynamics and oxygenation saturations
in patients with congenital heart disease.
Since then, the complete assessment of
congenital heart disease has evolved to
include echocardiography and magnetic
resonance imaging, making reliance on
diagnostic catheterization a less frequent
occurrence.
This chapter will focus on lesions more

commonly seen in an adult cardiologist’s
practice, including atrial septal defect,
ventricular septal defect, coarctation of
the aorta, and Ebstein’s anomaly of the
tricuspid valve. It will also focus on the
postoperative, surgically palliated patient
with tetralogy of Fallot, the patient with
peripheral pulmonary artery stenosis,
and the patient with Eisenmenger’s
syndrome.
Atrial Septal Defect

Pathophysiology
Embryologically, the atrial septum is
comprised of the septum primum and
secundum. The septum secundum devel-
ops to the right of the septum primum
and contains the foramen ovale. The
endocardial cushions fuse to form the
inferior aspect of the atrial septum and
the superior aspect of the ventricular
septum in addition to the mitral and tri-
cuspid valves. During normal fetal devel-
opment, the septum primum functions
as a valve that maintains right-to-left
flow through the foramen ovale. After
birth the septum primum typically pre-
vents left-to-right blood flow between
the atria, despite the foramen ovale
remaining patent in themajority of new-
born infants. The overall incidence of a
patent foramen ovale has been estimated
to be as high as 27% but has been re-
ported to decline with increasing age.4
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A patent foramen ovale rarely results
in significant clinical sequelae and is not
associated with hemodynamic abnorm-
alities. The notable (and often debated)
clinical exception is the case of a para-
doxical embolus, presumed to occur via
a patent foramen ovale. However, four
types of interatrial communications have
important clinical sequelas: (1) primum
atrial septal defect, (2) secundum atrial
septal defect, (3) sinus venosus defect,
and (4) coronary sinus septal defect.2

The majority of cases occur spontane-
ously; however, reports of inherited cases
exist.5

The primum atrial septal defect is the
third most common type of interatrial
communication after patent foramen
ovale and secundum atrial septal defect.
It comprises up to 15% of atrial septal
defects.2 The defect is due to maldevelop-
ment of the endocardial cushions and
is associated with a cleft in the anterior
mitral leaflet and mitral regurgitation.

After patent foramen ovale, the secun-
dum atrial septal defect is the most com-
mon type of interatrial communication.
It comprises up to 75% of atrial septal
defects.2 The interatrial communication
may be due to a single hole or multiple
fenestrations in the septum primum. In
rare cases, the secundum atrial septal
defect may result from an incomplete
septum secundum. Leachman et al.6

have reported an association of mitral
valve prolapse with secundum atrial sep-
tal defect; in a study of 92 patients with
secundum atrial septal defect, 16 had
mitral valve prolapse, and 3 of those
with mitral valve prolapse developed
chordal rupture. The pathophysiologic
manifestation of a secundum atrial sep-
tal defect is a left-to-right shunt across
the atrial septum, with resultant volume
overload of the right heart. Campbell’s7

natural history studies have shown that,
with time, right-sided heart failure and
pulmonary hypertension develop and
lead to early mortality.
A sinus venosus defect occurs when

the tissue between either vena cava,
the right atrium, and the pulmonary
veins fails to develop properly. It com-
prises up to 10% of atrial septal defects.2

The most frequently encountered sinus
venosus defect involves a communica-
tion between the superior vena cava/
right atrial junction and the right upper
pulmonary vein.8,9 Less frequently, these
defects involve other right-sided pulmo-
nary veins and the inferior vena cava/
right atrial junction. Patients with sinus
venosus defects frequently have partial
anomalous pulmonary venous return,
with the right upper pulmonary vein
draining to the superior vena cava.
The least frequently encountered atrial

septal defect is the coronary sinus septal
defect. The tissue that constitutes thewall
between the coronary sinus and the left
atrium is either completely absent or only
partially developed. Therefore, the left
atrium and right atrium are connected
via the coronary sinus.
Hemodynamics
The hemodynamics of interatrial com-
munications are intimately linked to
the compliance of the two ventricles.
Dexter10 was among the first to suggest
that the direction of blood flow was
due to the increased compliance of the
right ventricle relative to the left ventricle.
Hemodynamically, the ventricular com-
pliance is reflected in the end-diastolic
pressure and atrial-filling pressures. The
example (Figure 11-1) illustrates the ele-
vated right atrial pressure due to poor
right ventricular function from a dilated,
clinically volume overloaded right ventri-
cle. The right atrial pressure waveform
morphology is also abnormal. In a nor-
mal heart the right atrial a wave is larger
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than the vwave, and the left atrial vwave
is greater than the a wave. With a large
atrial septal defect that causes right ven-
tricular volume overload, the right atrial
vwavemay increase due to tricuspid valve
regurgitation. Because the tricuspid
valve apparatus is intimately related to
right ventricular geometry, when the
right ventricle becomes dilated, the tricus-
pid leaflets cannot coapt appropriately,
FIGURE 11-1. Hemodynamic tracings from a patient with
tracing is remarkable for a more prominent v wave than a wav
ventricle from long-standing right ventricular volume overload
atrial pressure (see B), consistent with left-to-right flow across t
relative to the a wave is normal for this chamber. Left atrial pr
ance. C, Left ventricular waveform prior to atrial septal defect
(arrow) of 15 mmHg. D, Pulmonary capillary wedge pressure
has increased to 21 mmHg as a consequence of increased blo
resulting in tricuspid regurgitation. Left
ventricularcompliance is, in turn, affected
by the dilated right ventricle. During dias-
tole, the ventricular septum bulges to
the left, impairing left ventricular filling
(Figure 11-1, C). The elevated left ventric-
ular filling pressure is, in turn, reflected
in the left atrial pressure tracing (Figure
11-1, B). Therefore, the left atrial pres-
sure is elevated, but the waveform
a secundum atrial septal defect. A, Right atrial pressure
e, likely due to tricuspid regurgitation from a dilated right
. Also, note that the right atrial pressure is lower than left
he defect. B, Left atrial pressure tracing with a large v wave
essure is elevated due to decreased left ventricular compli-
closure, demonstrating an end-diastolic pressure (LVEDP)
(PW) after the defect has been closed. LVEDP after closure
od flowing from the left atrium to the left ventricle.
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FIGURE 11-1—cont’d. E, Schematic of a heart illustrat-
ing the step-up in pulmonary artery saturation compared
to superior vena cava saturation, suggesting a Qp/Qs of
approximately 2:1. Chamber pressures before and after
(see box insert) atrial septal defect closure are labeled.
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morphology remains normal. After clo-
sure of the atrial septal defect, the fraction
of blood that previously entered the right
atrium is now directed into the left ventri-
cle. The result of closing the ‘‘pop-off
valve’’ is an increase in left ventricular
end-diastolic pressure, particularly in
patients with reduced compliance of the
left ventricle (Figure 11-1, D). Small
defects are generally considered to have a
diameter of less than 0.5 cm. The ratio
of pulmonary flow to systemic flow
(Qp/Qs) in such patients is less than 1.5,
and echocardiography demonstrates no
dilatation of the right atrium or ventricle.
These patients have no hemodynamic
derangements and are often asymptom-
atic. Larger atrial septal defects frequently
have a Qp/Qs ratio �1.5 and resultant
right ventricular volume overload.
Despite this, the patient frequently
remains asymptomatic until the develop-
ment of late right-heart failure or pul-
monary hypertension. Often in adult
patients who present with a symptomatic
atrial septal defect, right ventricular remo-
deling due to long-standing volume over-
load has led to decreased compliance and
adecrease in the shunt. If right ventricular
compliance worsens substantially relative
to that of the left ventricle, right-to-left
shunting may occur.2 This physiology
has been termed Eisenmenger’s syndrome
and can occur even with subsystemic pul-
monary hypertension.11 In large defects,
no difference in mean pressures exists
between the right and left atria, leading
to the term nonrestrictive atrial septal defect.
In the right atrium of patients with long-
standing right-sided volume overload,
elevated filling pressures are found. Right
ventricular and pulmonary arterial sys-
tolic pressuresmay also be elevated, a sign
of secondary pulmonary hypertension.
Elevated right ventricular end-diastolic
pressures, along with large right atrial
a waves, are a sign of decreased right
ventricular compliance.
The hemodynamic derangements

associated with an atrial septal defect
can be used to explain the physical
exam findings in these patients. When
right ventricular pressure and volume
overload are present, a right ventricular
heave may be appreciated. Fukuda
et al.12 performed phonoechocardiogra-
phy on 17 patients with atrial septal
defect and demonstrated that, prior to
repair, the tricuspid component of the
first heart sound (S1) was accentuated,
and that the second heart sound had a
wide and fixed split. With increased
flow through the right ventricle (the
systemic venous return plus the shunt
flow), tricuspid valve closure was
delayed. Similarly, the pulmonary valve
closure is delayed with respect to the
aortic valve, leading to the wide second
heart sound. Equalization of interatrial
pressures also leads to elimination of the
respiratory variation of the second heart
sound and a perceived fixed splitting.
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Effects of Treatment
The majority of patients in the United
States with atrial septal defect undergo
either surgical or percutaneous closure
during childhood. In a study of 123
patients who underwent closure at the
Mayo Clinic, Murphy et al.13 found that
two factors correlated with survival after
repair: (1) the age of the patient at the
time of the operation (p < .0001) and
(2) the pulmonary artery systolic pressure
(p < .0027). Those patients who had a
repair prior to age 25 had a long-term sur-
vival similar to that of the control popu-
lation. However, those patients who
were older than age 25 and who had a
pulmonary artery pressure �40 mmHg
had a shorter life expectancy than con-
trols. At the 25-year follow-up, survival
was 39% vs. 74% (p < .0001). The
increase mortality was related to the
development of congestive heart failure,
atrial fibrillation, or cerebrovascular acci-
dent. Kobayashi et al.14 demonstrated
that defect closure in patients with
Qp/Qs � 3 with a pulmonary artery pres-
sure �50 mmHg or with Qp/Qs � 3,
regardless of pulmonary artery pressure,
resulted in increased exercise capacity.
Gatzoulis et al.15 found that as many as
60% of patients with atrial septal defect
and atrial fibrillation continued to experi-
ence this arrhythmia after surgical closure
of their defect. Murphy et al.13 reported
that of 104 patients in sinus rhythm prior
to repair, 80 remained in sinus rhythm
27–32 years after the procedure.
Ventricular Septal Defect

Pathophysiology
The left and right ventricles are divided
by a septum that consists ofmuscular and
connective tissue components. The mus-
cular ventricular septum arises from the
primitive ventricle and grows in a caudal
to cephalic direction, fusing with the
infundibular septum and the endocardial
cushions. Ventricular septal defects are
commonly in the wall between the two
ventricles and rarely between the left ven-
tricle and the right atrium.16 Anatomi-
cally, ventricular septal defects can be
considered in four nonexclusive cate-
gories: (1) muscular, (2) membranous or
perimembranous, (3) inlet defects, and
(4) supracristal defects. Muscular defects
are holes within the anterior, mid, infe-
rior, or apical muscular septum. Membra-
nous or perimembranous defects occur
in the membranous tissue at the crux of
the heart between the muscular septum
and the conal septum. Defects in the inlet
septum are also referred to as atrioventricu-
lar canal defects. Supracristal defects, also
known as outlet septal defects, are defects
in the conal septum above the supraven-
tricular crest.17 Twenty percent of all ven-
tricular septal defects are muscular, 70%
are membranous, 5% are inlet, and 5%
are outlet.
Hemodynamics
From a hemodynamic perspective,
ventricular septal defects can be classified
broadly as restrictive (i.e., pressure-and
flow-limiting), restrictive but with vol-
ume overload, or unrestrictive. Restric-
tive (pressure-and flow-limiting) defects
are small or obstructed by tricuspid valve
tissue, have a large pressure gradient
between the left and right ventricles,
and have normal pulmonary artery pres-
sures. The Qp/Qs is <1.5. The pulmonary
artery to aortic pressure ratio is<0.3. Ven-
tricular septal defects that are pressure
restrictive only may still have significant
left-to-right shunt flow, as demonstrated
in Figure 11-2. Right ventricular pressure
will be normal, but the pulmonary
arteries, the left atrium, and the left ven-
tricle will be dilated from the volume
overload. Unrestrictive ventricular septal
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FIGURE 11-2. Schematic of a heart with a pressure-
limited restrictive ventricular septal defect. The Qp/Qs of
this patient prior to closure was approximately 2:1. Note
the step-up in pulmonary artery saturation relative to
superior vena cava saturation. Despite the communication
between the two ventricles apparent with the step-up in
saturation, a significant pressure differential exists
between the right and left ventricles.
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defects have systemic right ventricular
pressures18 (Figure 11-3). The degree of
shunt across an unrestrictive ventricular
septal defect is dependent upon the sys-
tolic compliance ratio of the systemic
vascular bed and the pulmonary circuit
(i.e., pulmonary stenosis or pulmonary
hypertension).

These hemodynamics can explain the
physical findings in patients with ven-
tricular septal defects. The smaller the
defect, the larger the pressure gradient
across the septum. The resultant higher
velocity shunt generates a higher-
pitched systolic murmur. In larger de-
fects, left-to-right flow usually occurs
throughout systole, resulting in a holosys-
tolicmurmur; however,with smallermus-
cular defects the shunt may close as the
myocardium thickens during systole. This
results in amurmur that stops prior to the
end of systole. Before the onset of pulmo-
nary hypertension, the physical exam in
patients with larger but pressure-limited
defects is notable for tachycardia, tachyp-
nea, and a hyperdynamic and laterally
displaced point of maximum impulse.
The holosystolic murmur is often best
heard at the lower left sternal border. The
increased blood flow through the pulmo-
nary circuit results in an increase in left
atrial volume. The subsequent increased
flow through the mitral valve may be
appreciated as a mid-diastolic apical rum-
ble. As pulmonary hypertension devel-
ops, right ventricular pressure increases.
As the right and left ventricular pressures
approach one another, the pressure gradi-
ent across the ventricular septal defect
decreases, as does the intensity of the
holosystolic murmur. Pressure and vol-
ume overload of the right ventricle may
be apparent on physical exam with the
presence of a heave. In unrestrictive ven-
tricular septal defects, the murmur may
be absent because the pressures between
the two ventricles are equivalent. Outlet
septum defects may cause one of the aor-
tic valve leaflets to be sucked into the
defect by the Venturi effect. The right
coronary cusp is most often affected.
While the valve leaflet reduces the size of
the hole, the leaflet itself may become
damaged leading to aortic valve regurgi-
tation and an accompanying diastolic
murmur.
Effect of Treatment
Restrictive defects often close sponta-
neously and do not result in clinically
apparent hemodynamic sequelae. How-
ever, a potential risk of endocarditis
exists as long as interventricular commu-
nication occurs. In patients who previ-
ously underwent closure of a ventricular
septal defect, a residual shuntmay persist
with an accompanying high-pitched
murmur.
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FIGURE 11-3. A, Schematic of a heart with an unrestricted ventricular septal defect and valvular pulmonic stenosis. The
Qp/Qs of this patient prior to closure was approximately 2:1. Note the step-up in pulmonary artery saturation relative to
superior vena cava saturation. The pressure in both ventricles is equal. B, Simultaneous pressure tracings from the right
ventricle (RV) and descending aorta (DAO). Peak systolic pressures are equal. C, Simultaneous pressure tracings from
a catheter wedged in the right pulmonary artery (RPW) and a catheter in the left ventricle (LV). The wedge pressure
and the left ventricular end-diastolic pressures are essentially equal, suggesting that the elevated right ventricular pressure
is not a consequence of pulmonary vascular obstructive disease or left-sided inflow obstruction. Additionally, the left
ventricular end-diastolic pressure is elevated secondary to volume overload of the left ventricle.
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Coarctation of The Aorta

Pathophysiology
Coarctation of the aorta refers to a con-
genital narrowing of the artery. Although
it may occur in the transverse aortic arch,
the distal thoracic aorta, or even rarely
in the abdominal aorta, it occurs most
commonly in the proximal descending
aorta near the ligamentum arteriosum,



FIGURE 11-4. Angiogram from a patient with a coarcta-
tion of the aorta. Note the discrete narrowing of the aorta
at the region of the ligamentum arteriosum.
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the remnant of the ductus arteriosus. The
most frequently observed variety con-
sists of a discrete narrowing distal to the
left subclavian artery (Figure 11-4). Addi-
tionally, cases of coarctation that consist
of a long segment of hypoplastic aorta
have been described. The embryologic
etiology of aortic coarctation is hypothe-
sized to be an extension of tissue from the
ductus arteriosus into the aortic wall or
the consequence of abnormal blood flow
during development. Most cases of coarc-
tation are sporadic. However, an associa-
tion exists with Turner’s syndrome.19

The most commonly reported cardiovas-
cular abnormality coexistingwith a coarc-
tation is a bicuspid aortic valve, whichhas
been noted in as many as 85% of patients
with coarctation. Abnormal circulation
that involves collateral flow through the
intercostal arteries and internal mam-
mary arteries can be found in older
patients with hemodynamically signifi-
cant coarctations. Other abnormalities
include Berry aneurysms in 3%–5% of
patients, ventricular septal defect, aortic
medial disease, and abnormalities of
the innominate and left subclavian
arteries.20
The majority of severe coarctations are
discovered and treated during infancy
in the United States. When the ductus
arteriosus closes in an infant with a
severe coarctation, shock or heart failure
develops rapidly. The presentation of a
coarctation in an adolescent or an adult
is usually much more subtle. Symptoms
are not often reported. Patients may
complain of lower extremity fatigue with
exertion and headaches. Physical exam
may reveal upper extremity hyperten-
sion with an arm-leg blood pressure
gradient, diminished lower extremity
pulses, and a continuous or systolic
murmur heard loudest in the back. The
electrocardiogram in patients with coarc-
tation may demonstrate left ventricular
hypertrophy. Chest X-ray in older
patients may demonstrate rib notching.
This finding represents erosion of the
inferior border of the ribs by intercostal
arteries that have become enlarged from
collateral flow. Additionally, dilatation
of the aorta proximal and distal to the
coarctation may cast a shadow that
resembles the number 3 or a reversed
E on chest X-ray.
Campbell21 has reported that the

majority of symptomatic infants with
coarctation who were untreated died
during the first year of life. The median
survival of all untreated patients with
coarctation was 31 years. Reifenstein
et al.22 reported that approximately
20% of asymptomatic children with
coarctation survive to adulthood.
Twenty-three percent of these patients
died from aortic rupture at an average
age of 27 years. Eighty percent of these
were rupture of the ascending aorta.
The remaining 20% experienced rupture
distal to the coarctation. Of the remain-
ing patients, 22% died from infection,
including aortitis at an average age of
25 years, and 29% died from intracra-
nial hemorrhage or congestive heart
failure.
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Hemodynamics
The coarctation represents a fixed
obstruction to aortic flow. The hemody-
namic hallmark of coarctation is a pres-
sure gradient across the coarctation.
Therefore, this diagnosis should be made
by sphygmomanometry in both arms (in
case of an anomalous right subclavian
artery arising distal to the coarctation
segment) and in one leg. A significant
coarctation has been defined as a pressure
in the upper extremity greater than
20 mmHg relative to the lower extremity.
This measured gradient may be dimin-
ished in thepresenceof a large patentduc-
tus arteriosus in a newborn or with
significant aortic collaterals. Invasively
measured gradients (Figure 11-5) demon-
strate a wide pulse pressure proximal to
the lesionandadiminishedpulsepressure
distally. Thediminishedpulse and the late
or delayedpulsewavedistal to the coarcta-
tion are termed parvus and tardus, respec-
tively, similar to the pulse described in
patients with severe aortic stenosis.
FIGURE 11-5. Hemodynamic tracings from a patient with c
from the left ventricle (LV) and the ascending aorta (AAO). Pe
aortic stenosis. However, the pulse pressure of the ascending a
neous pressure tracings from the left ventricle (LV) and the des
drop occurs in systolic pressure distal to the coarctation. The
aorta represent the ‘‘parvus and tardus’’ of coarctation.
Effects of Treatment
Previously, traditional surgical treat-
ment options for coarctation have
included (1) coarctation excision with
end-to-end anastomosis; (2) interposition
graft; (3) patch aortoplasty; (4) radically
extended end-to-end anastomosis; (5)
bypass jump grafting; and (6) subclavian
flap aortoplasty.Contemporary treatment
at specialized centers now includes percu-
taneous balloon angioplasty and stent
implantation.23,24

Unfortunately, after surgical or percuta-
neous therapy for coarctation, residual
hemodynamic derangements may still
occur. The mortality associated with sur-
gery for simple coarctation repair is less
than 1%. Cohen et al.25 have reported
that even after coarctation repair themor-
tality of these patients is elevated. In an
analysis of 571 patients with repaired
coarctations, the mean age of death was
38 years. Thirty-seven percent died from
premature coronary artery disease. Addi-
tionally, certain types of repairs place
oarctation of the aorta. A, Simultaneous pressure tracings
ak systolic pressures are equal, demonstrating no valvular
orta is wide due to aortic valve regurgitation. B, Simulta-
cending aorta (DAO) distal to the coarctation. A significant
lower pulse pressure and systolic delay in the descending
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patients at increased risk for aortic aneu-
rysm formation and rupture.Mendelsohn
et al.26 reported the incidence of aneu-
rysm development at the site of patch
repair to be as high as 30%. Patients who
underwent either patch aortoplasty or
balloon angioplasty should undergo
screening for this complication, prefera-
bly with magnetic resonance imaging or
computed tomography.27 Finally, sys-
temic hypertension is a residual problem
for many patients with repaired coarcta-
tion, even without anatomic recoarcta-
tion. The incidence of hypertension is
directly related to the age at the time of
corrective operation. Ninety percent of
patients who undergo surgery during
childhood are normotensive at 5 years.
However, of those who undergo repair
after age 40, 50% will continue to experi-
ence hypertension at rest and a substan-
tial fraction will have exercise-induced
hypertension.2 This persistent hyperten-
sion may be due, in part, to impaired aor-
tic distensibility but also to intrinsic
abnormalities of the microvasculature in
these patients.28
Ebstein’s Anomaly

Pathophysiology
Ebstein’s anomaly is an eponym used
to denote a syndrome in which the tri-
cuspid valve is apically displaced with
significant tricuspid regurgitation. Typi-
cally, the anterior tricuspid leaflet is
enlarged and sometimes fenestrated.
The septal and posterolateral leaflets are
positioned below the atrioventricular
grove, inside the morphologic right ven-
tricle to varying degrees. The resultant
abnormal coaptation of the tricuspid
leaflets results in significant tricuspid
regurgitation. However, extremely rare
cases of Ebstein’s anomaly with tricuspid
stenosis have been reported.29 Because
the tricuspid valve is displaced apically,
part of the morphologic right ventricle
has become functionally atrialized.
As such, the functional right ventricle is
a relatively small chamber. This results
in poor compliance of the right ventricle.
With severe tricuspid regurgitation, func-
tional pulmonary atresia may develop as
the right ventricle is unable to generate
enough pressure to open the pulmonary
valve. The majority of patients with
Ebstein’s anomaly have an interatrial
communication, typically in the form of
a stretched patent foramen ovale or a
secundum atrial septal defect. Ebstein’s
anomaly is also associated with Wolff-
Parkinson-White syndrome and atrial
dysrhythmias.
The natural history of Ebstein’s anom-

aly depends on the severity of the tri-
cuspid regurgitation, with the spectrum
varying from the severely cyanotic
neonate with massive cardiomegaly to
the asymptomatic adult. Patients with
Ebstein’s anomaly are at increased risk
for endocarditis. Patients with an intera-
trial communication are at risk for para-
doxical embolism and stroke. Adult
patients may come to clinical attention
after a primary care physician notices the
tricuspid regurgitation murmur or after
a supraventricular tachycardia develops.
Newborns with severe Ebstein’s anomaly
may have severe cardiomegaly second-
ary to a massively stretched right atrium,
to the point that pulmonary function
can be compromised. In those neonates
with functional or actual pulmonary
atresia, oxygenation of venous blood
may be dependent on ductal flow to
the pulmonary circuit. Survival among
adult patients with Ebstein’s anomaly is
inversely related to NYHA functional
class, the severity of cyanosis, and the
degree of cardiomegaly. The presence of
atrial tachycardia may compromise the
prognosis.
On physical exam the first heart sound

is often widely split due to increased
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filling of the right ventricle from left-
to-right flow across an interatrial com-
munication. The tricuspid regurgitation
murmur is often best appreciated at the
left lower sternal border. An S3 and an
S4 gallopmay also be present. The degree
of cyanosis is directly related to the mag-
nitude of the right-to-left shunting.30

An electrocardiogram of a patient with
Ebstein’s anomaly may demonstrate the
stigmata of Wolff-Parkinson-White syn-
drome. As many as 20% of patients with
Ebstein’s anomaly have an accessory
pathway. Otherwise, high-amplitude,
wide P waves and right bundle branch
block may be seen in addition to first
degree AV block.31 In severe cases,
reduced pulmonary vascularity may be
appreciated on chest X-ray, along with
the impressive cardiomegaly.
Hemodynamics
In mild cases of Ebstein’s anomaly, the
only hemodynamic observation may be
that of tricuspid regurgitation, elevation
of right atrial pressures, and a cannon v
wave in the right atrium (Figure 11-6).
In more severe cases, right-to-left shunts
may occur across the atrial septal defect
due to the chronic volume overload and
loss of compliance of the right ventricle,
in addition to a severe tricuspid regurgita-
tion jet. The classical hemodynamic defi-
nition of Ebstein’s anomaly is a catheter
measuring an atrial pressure tracing but
recording a ventricular electrocardio-
gram from the atrialized portion of the
right ventricle.
Effects of Treatment
Infants who present with severe symp-
toms from Ebstein’s anomaly may
require single ventricle palliation culmi-
nating in the Fontan procedure.32 For
adults with heart failure symptoms or
tachyarrhythmias refractory to medical
therapy, closure of the interatrial com-
munication and repair or replacement
of the tricuspid valve is recommended.33

Danielson et al.34,35 have reported excel-
lent results with surgical intervention,
including tricuspid repair in this patient
population, but results of valve repair at
other centers have been less optimal.
Patients with atrial tachyarrhythmias
may require pharmacologic therapy or
ablation.
Tetralogy of Fallot

Pathophysiology
The original description of tetralogy of
Fallot was in 1888.36 The contemporary
incidence of tetralogy of Fallot is esti-
mated at 356 cases per million live
births.37 The four components of this syn-
drome consist of (1) an overriding aorta,
(2) an unrestricted malalignment ven-
tricular septal defect, (3) infundibular
pulmonary stenosis, and (4) right ventricu-
lar hypertrophy.36 Embryologically, these
cases are the consequence of abnormal
conotruncal development. The hallmark
of the lesion is anterior displacement of
the conal septum, creating the ventricular
septal defect, the overriding aorta, and the
infundibular pulmonary stenosis. The lat-
ter leads to right ventricular hypertrophy.
Several abnormalities are associated with
tetralogy of Fallot frequently enough to
merit comment. Twenty-five percent of
patients with tetralogy of Fallot have a
right-sided aortic arch.38,39 Ten percent
of patients have an associated secundum
atrial septal defect.38 Finally, 10% of
patients have abnormalities of the coro-
nary arteries.40 An epicardial coronary
arterymay actually cross the right ventric-
ular outflow tract in 5%–6% of patients.41

This often involves the left anterior des-
cending arising from the right coronary
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FIGURE 11-6. Hemodynamic tracings from a patient with unrepaired Ebstein’s anomaly of the tricuspid valve and an
atrial septal defect with cyanosis. A, Schematic of the patient’s heart with Ebstein’s anomaly. Note the apical displacement
of the tricuspid valve. Bidirectional shunting exists at the atrial septum as demonstrated by the oximetry step-up from
the superior vena cave to the pulmonary artery and step-down from the pulmonary vein to the aortic saturation.
A, (Box insert)Note that in this patient, an atrial septal defect occlusion device was placed, resulting in resolution of the bidi-
rectional atrial shunting, a fall in right ventricular and pulmonary artery pressures, an improvement in systemic satura-
tion, and the resolution of cyanosis. B, Right atrial pressure tracing showing elevated v waves consistent with tricuspid
regurgitation. C, Right ventricular pressure tracing showing normal, low pressures.
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artery and crossing over the infundibular
free wall before continuing in the usual
location down the anterior interventricu-
lar groove. Genetic abnormalities asso-
ciated with tetralogy of Fallot include
DiGeorge’s syndrome and chromosome
22q11 deletion in as many as 15% of
patients.42 Most cases of 22q11 deletion
are spontaneous; however, tetralogy of
Fallotmaybe transmitted in anautosomal
dominant pattern by patients with the
22q11 deletion.
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Patients with unrepaired tetralogy of
Fallot may experience tet spells during
which they become tachypneic and
develop hyperpnea. They then experi-
ence worsening cyanosis and sometimes
seizure activity, syncope, or death.43 The
mechanism of such spells is spasm of
the already narrowed pulmonary infun-
dibulum, and therefore treatment is
aimed at overcoming this resistance to
pulmonary blood flow with oxygen,
fluid bolus,morphine (to relax the infun-
dibular muscle), and systemic vasocon-
strictors. A variant of tetralogy of Fallot
involves minimal right ventricular out-
flow tract obstruction. These patients
exhibit the hemodynamics associated
with a large ventricular septal defect and
pulmonary overcirculation soon after
birth. However, within months they
develop right ventricular outflow tract
obstruction and then become cyanotic.43

The main symptoms reported by the rare
adult with unrepaired tetralogy of Fallot
are cyanosis, decreased exercise toler-
ance, and tet spells. Complications in
the adult with unrepaired tetralogy of
Fallot include endocarditis, cerebral
abscess, and stroke, in addition to hyper-
viscosity and coagulation issues related
to hypoxemia.33 Without surgery, the
majority of affected patients die as chil-
dren. Bertranou et al.44 reviewed a large
volume of published autopsy cases and
reported that the untreated survival of
tetralogy of Fallot is as follows: 66% at 1
year; 49% at 3 years; 24% at 10 years;
11% at 20 years; 6% at 30 years; and 3%
at 40 years.
Patients with unrepaired tetralogy of

Fallot will often have stigmata of chronic
hypoxia such as digital clubbing on
exam. Palpation of the chest may reveal
a right ventricular heave. A systolic thrill
may also be appreciated due to turbulent
flow through the right ventricular out-
flow tract. On auscultation, a normal S1
will be heard, but S2 will be a single
sound because no pulmonary compo-
nent exists as the valve is severely ste-
notic or atretic. Instead of P2, a systolic
ejection murmur may be appreciated at
the left sternal border from right ventric-
ular outflow tract obstruction. Note that,
unlike aortic valve stenosis, the more
severe the obstruction, the softer and
shorter the murmur will be. The electro-
cardiogram in unrepaired adult patients
with tetralogy of Fallot will have right
axis deviation and demonstrate right
ventricular hypertrophy. The classic
shadow on a posterior-anterior chest
X-ray is a boot-shaped cardiac silhouette.
Furthermore, a right-sided arch may be
appreciated in as many as 25% of cases.
Adult patients with surgically palliated

tetralogy of Fallot frequently have re-
maining hemodynamic issues related to
a surgical technique, using a transannular
patch across the right ventricular outflow
tract. This has left these patients with free
pulmonary insufficiency, thereby volume
loading an already dilated and dysfunc-
tional right ventricle. Some patients also
may have had a previous aortopulmon-
ary shunt such as a Potts, Waterston, or
Blalock-Taussig shunt, leaving residual
branch pulmonary artery stenosis. The
increased afterload of branch pulmonary
artery stenosis adds a component of pres-
sure-overload to the volume-overloaded
right ventricle.
Hemodynamics
In the unrepaired state, the major
determinant hemodynamic factor for
patients with tetralogy of Fallot is the
degree of right ventricular outflow tract
obstruction. Ventricular septal defects in
this condition are usually large; however,
rare cases of restrictive ventricular septal
defects have been reported.45 The unrest-
rictive ventricular septal defect results in
equalization of left and right ventricular
pressures. Initially, there may still be a
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left-to-right shunt across the ventricular
septal defect, and pulmonary overcircu-
lation (the so-called pink tet). However,
the infundibular pulmonary stenosis is
progressive, and right-to-left shunting
occurs at the ventricular septal defect,
with resulting systemic cyanosis. Infun-
dibular pulmonary stenosis provides a
fixed obstruction in the right ventricular
outflow tract. Therefore, resistance to
right ventricular outflow via this route is
essentially constant. Thus, the magni-
tude of the right-to-left shunt is a func-
tion of the systemic vascular resistance.
Increases in systemic vascular resistance
result in a decrease of right-to-left shunt-
ing. Patients with unrepaired tetralogy
take advantage of this by performing
maneuvers such as squatting to increase
afterload, causing more venous blood to
enter the pulmonary circuit. Conversely,
a drop in systemic vascular resistancewill
result in increased right-to-left shunting
and worsening cyanosis.

The hemodynamics of pregnancy in
patients with unrepaired tetralogy of
Fallot deserves special attention. During
pregnancy, systemic vascular resistance
decreases, increasing the degree of right-
to-left shunting and worsening hypox-
emia. Therefore, it is imperative that all
patients with tetralogy of Fallot should
receive counseling from an adult con-
genital heart disease physician prior to
conception.
Effect of Treatment
FIGURE 11-7. Hemodynamic tracings from a patient
with repaired tetralogy of Fallot. This patient underwent
a transannular patch of the pulmonary valve and infundib-
ulum and was left with free pulmonary regurgitation. The
right ventricular (RV), main pulmonary artery (MPA), and
right pulmonary artery (RPA) tracings are shown. The right
ventricular pressure is elevated but with a minimal gradi-
ent across the right ventricular outflow tract. However,
branch pulmonary stenosis exists with a lower right pul-
monary artery pressure. The wave form of the pulmonary
artery tracing is notable for a ventricular morphology, that
is, no dicrotic notch is present from pulmonary valve clo-
sure, and the end-diastolic pressures of the pulmonary
artery and right ventricle are essentially equal. This is con-
sistent with severe pulmonary insufficiency.
In the past, several types of palliative
operations were used to increase pulmo-
nary blood flow. All involved directing
blood from the aorta to the pulmonary
artery. The Waterston shunt involved a
direct anastomosis from the ascending
aorta to the right pulmonary artery. The
Potts shunt similarly involved a direct
anastomosis from the descending aorta
to the left pulmonary artery. Both the
Waterston and the Potts shunts were lim-
ited by pulmonary overcirculation, pul-
monary hypertension, and late branch
pulmonary artery stenosis. The classic
Blalock-Taussig shunt involved the con-
nection of a turned-down subclavian
artery to the pulmonary artery. Themod-
ified Blalock-Taussig shunt involved
routing a conduit from the subclavian
or innominate artery to the pulmonary
artery. Historically, complete repair
included a transannular patch, which
led to significant pulmonary insuffi-
ciency and chronic right ventricular vol-
ume overload.
Contemporary treatment involves

complete surgical correction, with the
avoidance of a transannular incision, if
possible. However, this is unfortunately
more common in actual practice (Figure
11-7). In infants, Lee et al.46 reported
<1% mortality for this procedure. How-
ever, the mortality of this procedure in
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adults is significantly higher. Despite
surgical advances, long-term survival after
repair is decreased relative to age-matched
controls. Murphy et al.47 reported an
86% survival of repaired tetralogy of
Fallot patients after 32 years vs. 96% in
an age-matched control population. Nol-
lert et al.48 reported an 85% survival at
36 years. Ventricular and atrial arrhyth-
mias are a significant cause of morbidity
and mortality in this population.49 Res-
toration of more normal hemodynamics
may help reduce these arrhythmias.50

Finally, replacement of the pulmonary
valve to address the problem of asso-
ciated pulmonary insufficiency is fre-
quently performed in the older patient.
The timing of such an operation remains
controversial; however, increasing data
supports the practice of performing pul-
monary valve replacement before signifi-
cant right ventricular dysfunction and
enlargement occurs.51
Peripheral Pulmonary Artery
Stenosis

Pathophysiology
Isolated peripheral pulmonary artery
stenosis is a relatively rare disorder. More
frequently, it complicates the course of
other congenital heart disease, such as
tetralogy of Fallot or truncus arteriosus.
Valvular pulmonary stenosis is addressed
inChapter 7. Themain pulmonary artery
alongwith the right and left branches are
formed from the bulbus cordis and trun-
cus arteriosus. The peripheral arteries are
formed from the ventral aspect of the
sixth branchial arches and the postbran-
chial pulmonary vascular plexus.52

Maternal rubella during pregnancy is a
known risk factor for the development
of peripheral pulmonary artery stenosis.
Other conditions associated with peri-
pheral pulmonary artery stenosis in-
clude Williams’ syndrome, Noonan’s
syndrome, LEOPARD syndrome, andAla-
gille’s syndrome. Peripheral pulmonary
artery stenosis may also occur as a result
of systemic vasculitis; however, this may
represent a different pathophysiological
process from congenital peripheral pul-
monary artery stenosis. Patients with
vasculitis and peripheral pulmonary
artery stenosis have evidence of chronic
inflammation, scar, and thrombosis on
histology sections of segmental pulmo-
nary arteries, whereas those with con-
genital peripheral pulmonary artery
stenosis do not. In children, peripheral
pulmonary artery stenosis may occur as
isolated focal or multiple stenoses in the
main pulmonary artery or left and right
branches. Another reported pattern is
that of multiple stenoses, involving only
the peripheral pulmonary artery
branches. Combinations of these two
patterns have also been found. More
common than these conditions is an
association with complex congenital
heart lesions such as tetralogy of Fallot
(Figures 11-8 and 11-9) and iatrogenic
peripheral pulmonary artery stenosis
that occurs after various aortopulmonary
shunt procedures. Another example of
the latter would be patientswith transpo-
sition of the great vessels who undergo
an arterial switch procedure as infants.
Although such surgery is necessary for
survival, it may compromise the pulmo-
nary arteries, in that one or both arteries
are stretched or compressed over the pos-
teriorly located, dilated ascending aorta.
Adults with peripheral pulmonary

artery stenosis may present with dyspnea
on exertion and exercise intolerance.
Although the source of symptoms is often
blatant in patients with a history of sur-
gery to correct congenital cardiac pro-
blems, those with no such history are
frequently given an initial diagnosis
of pulmonary embolism on the basis of
ventilation-perfusion scans that demon-
strate decreased perfusion tracer uptake



FIGURE 11-9. Pulmonary artery angiogram from
another patient with tetralogy of Fallot and pulmonary
atresia s/p repair with a right-ventricle-pulmonary-artery
conduit, leaving the patient with left pulmonary artery
stenosis. The patient had a hypertensive right pulmonary
artery, and nonpulsatile distal left pulmonary artery pres-
sure, with elevated right ventricular pressures.
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FIGURE 11-8. Schematic of a heart from a patient with
repaired tetralogy of Fallot. The left pulmonary artery is
stenotic from a prior Potts shunt, resulting in pulmonary
hypertension of the right pulmonary artery. Box insert
shows hemodynamics after placement of a covered stent
into left pulmonary artery, eliminating both the stenosis
and aneurysm.
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in the pulmonary vascular territory sub-
tended by the stenosed artery. The loca-
tion and severity of peripheral
pulmonary artery stenosis determine
whether right ventricular hypertension
develops. With right ventricular hyper-
tension, a right ventricular heave may be
present on exam. The reduced right ven-
tricular compliance from hypertrophy
may also result in an S4 gallop during
atrial contraction. Sometimes a large a
wave can be appreciated. S2 may be split
with a delayed P2. In cases with severe
pulmonary hypertension and an atrial
communication, cyanosis may develop.
Finally, Kreutzer et al.53 report that
patients with peripheral pulmonary
artery stenosis may develop symptoms
of right ventricular failure, including
peripheral edema andhepatic congestion.
Hemodynamics
Kreutzer et al.53 have published the
largest series, describing invasively
attained hemodynamics of adults with
peripheral pulmonary artery stenosis
and no history of cardiac surgery. Twelve
patients with NYHA class II–III symp-
toms, no history of vasculitis and
abnormal 99Tc-macroaggregated albumin
perfusion scans without matching venti-
lation defects underwent cardiac catheter-
ization. The right ventricular pressure of
these patients ranged between 40% and
200% of systemic pressure. Except in
one patient who had a right ventricular
pressure 200% of systemic pressure, pul-
monary artery pressure was low distal to
the stenoses. In addition, all 12 of these
patients were noted to have elevated pul-
monary artery pressures in other distal
segments that were not as severely ste-
nosed as the primary lesion.
In patients with unilateral branch pul-

monary artery stenosis, the pressure in
the contralateral nonstenotic pulmo-
nary artery is frequently elevated, and a
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significant flow imbalance exists bet-
ween the right and left lungs. Indica-
tions for therapy include contralateral
pulmonary arterial hypertension, right
ventricular hypertension (Figure 11-10),
or significant flow imbalance, particu-
larly in younger patients with continued
growth potential of the lungs.
Effects of Treatment
If the pulmonary artery branch steno-
sis is proximal to the hilum, both surgical
and percutaneous transcatheter thera-
pies have been used. However, if the ste-
noses are multiple and distal to the
hilum, percutaneous therapy is the only
option. For branch stenosis lesions that
are discrete, pulmonary artery balloon
angioplasty may be successful (Figure
11-11). Unfortunately, if the stenosis
involves a long segment or is due to a
stretch lesion, angioplasty often leads to
an inadequate result. Stent implantation
may be useful in such situations. In addi-
tion to relief of symptoms, Kreutzer
et al.53 defined procedural success as an
increase in vessel diameter by �50%,
FIGURE 11-10. Hemodynamic tracings from a patient with
switch operation for d-type transposition of the great arteries.
elevated relative to the right pulmonary artery pressure (RPA)
sure. B, The main pulmonary artery pressure is markedly elevat
to the site of stenosis. Note the appearance of the main pulmo
waveform due to severe pulmonary insufficiency.
with a consequent improvement in
angiographic flow and a �30% drop
in right ventricular systolic pressure.
Of the aforementioned 12 patients with
severe distal peripheral pulmonic steno-
sis, 11 underwent balloon angioplasty.
Onediedpost-procedure frompulmonary
hemorrhage. One continued to experi-
ence right ventricular pressure that was
greater than systemic pressure and died
while waiting for transplantation. The
remaining nine were reported to have
sustained improvement in symptoms for
52 � 32 months.53
Eisenmenger’s Syndrome

Pathophysiology
Eisenmenger’s syndrome is pulmonary
vascular obstructive disease that devel-
ops secondary to increased pulmonary
blood flow from a large left-to-right
shunt, resulting in pulmonary artery
pressures that approximates systemic
pressures and consequent bidirectional
or right-to-left shunting.54,55 The initial
vascular changes that occur with a large
left and right pulmonary artery stenosis after an arterial
A, The main pulmonary artery pressure (MPA) is markedly
distal to the site of stenosis. DAO, Descending aortic pres-
ed relative to the left pulmonary artery pressure (LPA) distal
nary artery pressure waveform. It appears like a ventricular



FIGURE 11-11. Hemodynamic tracings from a patient with left pulmonary artery (LPA) stenosis and free pulmonary
regurgitation. A, The right ventricular (RV) pressure is markedly elevated (80% of systemic), and equilibration of diastolic
pressures between the left pulmonary artery and the right ventricle is consistent with severe regurgitation. B, After bal-
loon dilatation and stent implantation across the left pulmonary artery stenosis, the right ventricular pressure has dropped
to 41% of systemic.
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left-to-right shunt are potentially revers-
ible. These changes include intimal prolif-
eration, hypertrophy of the media, and
small vessel occlusion. With time, these
changes become irreversible, resulting in
an elevated pulmonary vascular resis-
tance. The majority of conditions that
lead to Eisenmenger’s syndrome com-
mence in childhood and include atrial
septal defect, ventricular septal defect,
and patent ductus arteriosus, in addition
to conotruncal abnormalities with initial
left-to-right shunts. In addition, certain
palliative procedures, including the Potts
and Waterson shunts, can lead to Eisen-
menger’s syndrome. As pulmonary vas-
cular resistance increases, right-to-left
shunting increases. Eventually, patients
become symptomatic with dyspnea and
exercise intolerance.56 As cyanosis devel-
ops, erythrocytosis and hyperviscosity
become significant issues. Patients may
experience hemoptysis as a consequence
of pulmonary infarction or capillary rup-
ture. Right-to-left shunting can result in
paradoxical embolism and stroke.
Patients with Eisenmenger’s syndrome
are also at increased risk for endocarditis.
A further problem is that of both hemor-
rhage and hypercoagulability due to
hypoxemia.57 In a review of the literature
from1966 to 1998,Vongpatanasin et al.58

reported that at 10 years after diagnosis
80% of patients survived, at 15 years
77% survived, and at 25 years only 42%
survived. Saha et al.59 found that 30% of
patients die of sudden death, 25% die
of congestive heart failure, and 15% die
of pulmonary hemorrhage.
The physical exam of a patient with

Eisenmenger’s syndrome is notable for
cyanosis and digital clubbing in propor-
tion to the magnitude of the right-to-left
shunt. Large jugular v waves may be
noted in the presence of significant tri-
cuspid regurgitation. A right ventricular
heave may be palpated. The P2 compo-
nent of the second sound is loud due to
the pulmonary hypertension. Murmurs
from right-to-left shunting are soft or
absent, because the pressure gradient
between the pulmonary and systemic
circuits is low. However, the murmurs of
tricuspid regurgitation and pulmonary
regurgitationmay be prominent. A right-
sided S4 gallop may also be heard due to



196 Textbook of Clinical Hemodynamics
the right atrium contracting against a
right ventricle with decreased compli-
ance due to hypertrophy. The electrocar-
diogram may show right ventricular
hypertrophy, and a chest X-ray will dem-
onstrate changes consistent with pulmo-
nary hypertension.
Hemodynamics
As alluded to previously, the hemody-
namics of Eisenmenger’s syndrome are
related todecreased flow through thepul-
monary circuit and right-to-left shunt-
ing with systemic hypoxemia (Figure
11-12). The evaluation of patients with
Eisenmenger’s syndrome often includes
66%
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FIGURE 11-12. Schematic of a heart from a patient
with Eisenmenger’s physiology from a long-standing atrial
septal defect. Chronic right ventricular volume overload
from left-to-right shunting at the atrial septal defect has
led to a severely dilated right ventricle with elevated
end-diastolic pressures from decreased compliance. As
shunting at the atrial septal defect is determined by the
relative compliance of the two ventricles, the direction of
flow across the shunt then became right-to-left, as shown
by the step-down in oxygen saturations from the pulmo-
nary vein to the aorta. Note the severely elevated pulmo-
nary and right ventricular systolic pressures from
pulmonary vascular occlusive disease.
cardiac catheterization and a vasodilator
challenge to assess whether the elevated
pulmonary vascular resistance is revers-
ible. With high pulmonary vascular re-
sistance, the right-to-left shunt serves
to volume unload the right ventricle. If
the pulmonary vascular resistance is not
reversible and the right-to-left shunt is
closed, then the right ventricle will fail,
because it cannot compensate for the
increased afterload of the pulmonary
vascular resistance.
Effects of Treatment
Palliative treatment of Eisenmenger’s
syndrome includes prevention of infec-
tion with endocarditis prophylaxis and
appropriate vaccinations. It also includes
prevention of dehydration with volume
expansion to prevent problems with
hyperviscosity. Phlebotomywith volume
replacement must be undertaken with
care as it could reduce the oxygen carry-
ing capacity of an already hypoxic
patient.57 Phlebotomy can also result in
iron deficiency, which is problematic
because iron-deficient red blood cells are
less deformable, potentially obstructing
the microvasculature. End-stage treat-
ment for Eisenmenger’s syndrome in-
volves lung transplantation with repair
of the underlying defect or a combined
heart-lung transplantation. The 1-year
survival for adults with lung transplanta-
tion and cardiac repair is 70%. At 4 years,
the survival is under 50%. Combined
heart-lung transplantation has a 1-year
survival rate as high as 60% and a 10-year
survival rate under 30%.60
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Coronary
Hemodynamics
MICHAEL RAGOSTA, MD
Selective coronary angiography is one
of the most commonly performed pro-
cedures in the United States. In most
cases, careful interpretation of the images
obtained by angiography yields diagno-
stic information adequate for decision
making. Not uncommonly, however,
situations exist when angiography fails
to definitively assess the nature and sever-
ity of atherosclerotic coronary disease.
In such cases, hemodynamic principles
applied to the coronary arteries provide
valuable adjunctive data to the cardiolo-
gist, allowing greater diagnostic certainty.

At a minimum, cardiologists who per-
form coronary angiography must be
capable of promptly recognizing abnor-
malities in pressure waveforms sampled
from the catheter tip during selective cor-
onary angiography. This is important for
both patient safety and proper diagnosis.
In addition, invasive and interventional
cardiologistsneed tounderstand themore
sophisticated coronary hemodynamic
assessmentsmadepossible by recent tech-
nological advances allowing the invasive
assessment of coronary flow reserve.
These techniques serve as important ad-
juncts to angiography and have become
indispensable to the routine practice of
invasive cardiology.
Coronary Catheter Pressure
Waveforms
Analysis of the pressurewaveforms gen-
erated from the tip of the catheter during
performance of selective coronary
angiography can provide valuable infor-
mation to the operator. Upon engage-
ment of a catheter into the ostium of
either the right or left coronary artery,
the physician should immediately review
the catheter-tip pressure tracing before
proceeding with contrast injection. This
tracing normally appears as a typical
aortic pressure waveform. An alert angio-
grapher seeks two abnormalities in the
pressure waveform: damping and ventri-
cularization. Recognizing these abnor-
malities is essential because their presence
sometimes enhances the information
provided by the angiogram andmayhelp
avoid potentially serious complications
of selective angiography.
Pressure damping refers to a drop in

the systolic pressure and a loss of the
usual features of an arterial pressure
waveform. Damping of the waveform
often indicates the presence of narrow-
ing of the coronary ostium. An example
of this phenomenon is shown in Figure
12-1. In this case, the catheter pressure
showed marked damping upon engage-
ment of the left coronary artery (Figure
12-1, A). The angiogram showed modest
narrowing of the ostium of the left main
stem (Figure 12-1, B). Removal of the
catheter from the left main stem rees-
tablished the normal aortic pressure
(Figure 12-1, C).
Ventricularization of the catheter-tip

pressure is seen when, upon engage-
ment of the catheter, the diastolic pres-
sure drops and shifts appearance from
the usual, arterial waveform to one with
a ventricular morphology (Figure 12-2).
Pure ventricularization, in which there
is only a drop in diastolic pressure and
not in the systolic pressure, implies a
precise match between the diameters of
the artery and the catheter lumen that
leads to a coronary artery ‘‘wedge’’ pres-
sure, reflecting left ventricular pressure
(Figure 12-3). More typically, the pres-
sure trace appears both ventricularized
199



FIGURE 12-2. Example of ventricularization of the coro-
nary catheter pressure waveform.

A B

C

FIGURE 12-1. A, Example of pressure damping and
ventricularization observed following engagement of the
left coronary catheter. B, The angiogram showed at least
moderate disease of the ostium of the left main coronary
artery (arrow) as well as significant disease in the left ante-
rior descending artery. C, When the catheter was with-
drawn into the aorta, the pressure waveform was restored.
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and damped. Both ventricularization
and/or damping may be obvious; some-
times the change is subtle (Figure 12-4).
Both damping and ventricularization

have similar causes (Table 12-1); both
imply that the catheter tip plugs and
obstructs the coronary artery lumen. The
most common causes are from obstruc-
tive disease at the coronary ostium and
from selective engagement of a smaller
artery such as the conus branch of the
right coronary artery. Upon observing
these abnormal waveforms, the angiogra-
pher should determine the cause before
proceeding with coronary arteriography
in the usual manner. The presence of
ventricularization or damping may be
the only clues to the existence of a signi-
ficant ostial stenosis not appreciated
by angiography. More importantly, the
injection of contrast into a catheter with
a damped or ventricularized pressure
tracing might lead to serious complica-
tions. For instance, selective and force-
ful injection of a full syringe of contrast
into a conus branch of the right coronary
artery or into a small nondominant artery
may lead to ventricular fibrillation or



FIGURE 12-3. Example of pure ventricularization observed after engagement of a coronary catheter. A, The normal-
appearing aortic pressure waveform (B) changes to a ventricular waveform with little drop in systolic pressure.

FIGURE 12-4. An example of subtle ventricularization. A, The catheter pressure demonstrated a normal aortic wave-
form prior to engagement and (B) showed a loss of the dicrotic notch, narrowing of the waveform, and a slight drop
in diastolic pressure consistent with mild ventricularization.

TABLE 12-1. Common Causes of Damping and/or Ventricularization of Catheter Pressure Waveform
During Coronary Angiography

During Engagement of the Right Coronary Artery (RCA)
Atherosclerotic disease of the ostium of the RCA
Catheter-induced spasm of the coronary artery
Selective engagement of the conus branch of the RCA
Total occlusion of the RCA
Engagement of a small, nondominant artery

During Engagement of the Left Coronary Artery
Atherosclerotic disease of the ostium of the left main stem
Deep seating of the catheter and selective engagement of either the LAD or LCX

During Engagement of Either Coronary Artery
Presence of a small caliber artery with match in size between the diameter of the catheter and the coronary artery
Kinking of the catheter during catheter manipulation
Malposition of the catheter against the wall of the aorta
Presence of thrombus or air bubble in the catheter

LAD, Left anterior descending; LCX, left circumflex.
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asystole. Similarly, if dampingor ventricu-
larization is caused by the presence of a
small caliber coronary artery, then the
naive angiographermight inject excessive
contrast, causing an arrhythmia. Further-
more, if significant atherosclerotic disease
is present at the ostium, a carelessly per-
formed contrast injection into a damped
cathetermight dissect the proximal artery
and close the vessel with potentially fatal
consequences. Thus, the angiographer
should be constantly vigilant for this
finding. When observed, the catheter
may be withdrawn into the aortic root
and contrast injected into the aortic cusp
to determine the presence of ostial disease.
Alternatively, a very small amount of con-
trast may be carefully injected into the
damped coronary catheter to determine
the cause.
Coronary Hemodynamics
More sophisticated coronary hemody-
namic measurements are now possible
with recent technological advances,
allowing precise flow and pressure assess-
ments in the coronary arteries. These
techniques have greatly improved our
ability to understand, diagnose, and treat
coronary disease. Although coronary
angiography forms the basis for revas-
cularization decisions in patients with
coronary artery disease, coronary hemo-
dynamic assessment is necessary because
of the well-known limitations of an-
giography. Angiography provides high-
quality images but is influenced by the
operator’s injection technique, the pa-
tient’s body habitus, and the presence of
overlapping vessel segments and arterial
tortuosity. Particularly troublesome sce-
narios include eccentric lesions, diffuse
disease, or lesions of intermediate steno-
sis severity (40%–70% narrowing). Ad-
junctive diagnostic testing provided by
coronary hemodynamic assessment helps
determine the physiologic significance of
such lesions and guides revascularization
decisions.
Coronary Physiology
An increase in myocardial oxygen
demand, caused by an increase in wall
tension, contractility, or heart rate,
requires an increase in oxygen supply
or else results in myocardial ischemia.
Because myocardial oxygen extraction
from blood is already near maximal, the
only compensatory mechanism for an
increase in oxygen demand is an increase
in blood flow to the myocardium. Coro-
nary blood flow is regulated by changes
in coronary vascular resistance. Because
the epicardial coronary arteries function
primarily as conductance vessels, ac-
counting for only 5% of total coronary
vascular resistance; the small (<300 mm),
intramyocardial arterioles account for
95% of the resistance across the coronary
bed and thus are the major regulators of
coronary blood flow.
These small resistance vessels are influ-

enced by multiple regulators, includ-
ing endothelium-derived agents (nitrous
oxide, prostaglandins, and endothelin),
metabolites (adenosine, hypoxia, and
hypercapnia), and neurohormonalmech-
anisms. The process of autoregulation
provides fine control of the resistance
vessels, maintaining myocardial blood
flow over the relatively wide range of cor-
onary perfusion pressures seenwith phys-
iologic changes in blood pressure. Thus,
in normal individuals, myocardial perfu-
sion is maintained when the mean aortic
pressure is between 50 and 150 mmHg.
Outside of this range, however, autoregu-
latory mechanisms fail, and coronary
blood flow depends on perfusion pressure
(Figure 12-5).
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FIGURE 12-5. Schematic representation of the phe-
nomenon of autoregulation, which states that coronary
blood flow is maintained over the physiologic range of
coronary pressure.
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Effects of Coronary Stenosis
on Coronary Flow (Figure 12-6)
In the absence of a stenosis, coronary
blood flow can increase 4–5 times above
resting flow under conditions of high
myocardial oxygen demand. This ability
to increase blood flow over the resting
state is termed coronary flow reserve.
In the presence of a stenosis, a pressure
drop will occur in a coronary artery;
however, autoregulation will attempt to
preserve blood flow by reducing the re-
sistance of the small arterioles. Resting
Coronary
blood

flow

FIGURE 12-6. Relation of stenosis severity to
coronary blood flow. At rest, coronary blood flow
is maintained despite progressive coronary steno-
sis until severe (>80%) stenosis occurs. During
vasodilator stress, blood flow decreases from max-
imum flow at lesser stenosis severity. The ability to
augment flow from the resting flow rates is known
as flow reserve.
myocardial blood flow can bemaintained
over a fairly wide range of stenosis. Even-
tually, when stenosis severity is severe,
autoregulatory mechanisms become ex-
hausted, and myocardial blood flow
decreases. During conditions of increased
myocardial oxygen demand, however,
autoregulatory mechanisms fail at much
lower stenosis severity. Accordingly, coro-
nary flow reserve diminishes at less severe
degrees of stenosis than resting coronary
blood flow. Therefore, a deficiency of
coronary flow reserve implies maximal
vasodilation of the resistance vessels and
the presence of a hemodynamically
significant stenosis.
Coronary Flow Reserve
Several different terms describe differ-
ent aspects of coronary flow reserve.
Absolute flow reserve describes the ratio of
hyperemic flow in a stenotic artery to
resting flow in the same artery. This is
the basis of the Doppler-derived method
for invasively determining coronary flow
reserve. Relative flow reserve is the term
used to describe the ratio of hyperemic
flow in a stenotic artery to hyperemic flow
in a normal artery. This is the primary
principle upon which most noninvasive
nuclear perfusion imaging techniques
Percent stenosis

Vasodilator flow

RELATION OF STENOSIS SEVERITY TO
CORONARY BLOOD FLOW
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are based. Importantly, relative flow
reserve depends on at least one normal
vascular territory; therefore, these tech-
niques may be limited in the presence of
multivessel coronary disease. Finally,
fractional flow reserve is the term used
to describe the ratio of the maximum
achievable flow in the presence of a ste-
nosis to the theoretical maximum flow
in the same vessel in the absence of a
stenosis.
Doppler-Derived Absolute
Flow Reserve (Figure 12-7)
A 0.014-inch angioplasty guidewire
outfitted with an ultrasound crystal at
the tip capable of generating a Doppler
signal andmeasuring blood flow velocity
provides the means to estimate absolute
flow reserve in the cardiac catheteriza-
tion laboratory.1–3 This method assumes
that blood velocity is proportional to
blood flow for a constant vessel area.
The technique involves positioning the
tip of the Doppler wire past the stenosis
and obtaining a satisfactory velocity
envelope. The wire tip samples blood
velocity a few millimeters away from the
tip, typically expressed as the average
peak velocity, or APV. Normal resting
APV is 15–30 cm/sec. Without moving
the wire tip, hyperemia is induced either
from intravenous administration of
adenosine (140 mg/kg/min for at least
2–4 minutes), or from intracoronary
administration of bolus adenosine (20–
100 mg bolus). The average peak velocity
measurement is repeated during peak
hyperemia. Coronary flow reserve (or,
more accurately, coronary velocity re-
serve) is described as the ratio of hyper-
emic averaged peak velocity to resting
averaged peak velocity. Normal coronary
velocity reserve is at least 2.0; values up to
5 may be observed. In the setting of a
moderate stenosis, coronary flow reserve
less than 2.0 by the Doppler technique
correlates with ischemia by nuclear per-
fusion techniques.1–3 The Doppler
method is rarely used for clinical pur-
poses, mainly due to several important
limitations. First, this methodology is de-
pendent on obtaining a stable, high-
quality Doppler signal, which is not
always feasible, particularly in the pres-
ence of vessel tortuosity or large branches.
Intermittent loss of signal due to tenuous
wire position against the wall of the artery
may frustrate the operator. More impor-
tantly, however, the average peak velocity
varies with blood pressure and heart
rate, and changes in these variables dur-
ing the measurements influence the
results.4 In addition, conditions other
than the status of the epicardial coronary
artery affect Doppler-derived coronary
flow reserve. A failure to increase the
average peak velocity in response to
adenosine may be due to an unrespon-
sive microvasculature rather than the
presence of a significant stenosis. Condi-
tions associated with high resting veloci-
ties (i.e., left ventricular hypertrophy)
will not augment further with adenosine.
This makes the technique less useful
to assess the hemodynamic significance
of a stenosis in the presence of condi-
tions associated with microvascular
abnormalities such as prior myocardial
infarction, heart failure, left ventricular
hypertrophy, and, perhaps, diabetes
mellitus.
Pressure-Derived Fractional
Flow Reserve
Fractional flow reserve, or FFR, is an
alternative method of assessing the
hemodynamic significance of an inter-
mediate or ambiguous coronary steno-
sis. This popular technique is simple to
perform and is based on the measure-
ment of the coronary pressure, using
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FIGURE 12-7. Example of the Doppler method of measuring coronary flow reserve. A, The average peak velocity at
baseline was 25 cm/sec. B, Intravenous adenosine was infused at a rate of 140 mg/kg/min and the average peak velocity
increased to 57 cm/sec.
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an angioplasty guidewire outfitted with
a micromanometer.

The mathematics and experimental
basis of this technique have been well
described.5 The underlying concept
states that fractional flow reserve is the
ratio between the maximum achievable
blood flow in the presence of a stenosis
and the theoretical maximum flow in
the absence of a stenosis (i.e., a normal
artery). It can be calculated simply by
the formula:
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FFR ¼
Mean hyperemic distal
intracoronary pressure

Mean hyperemic aortic pressure

The unequivocal normal value is 1.0.
The derivationof this formula is simple
(Figure 12-8). Based upon Ohm’s law,
coronary flow is equal to the coronary
driving pressure divided by coronary
resistance. Coronary driving pressure
can be expressed as the difference
between coronary artery pressure and
coronary venous pressure (Pv), with Pv
best approximated by the right atrial
pressure. In the absence of a coronary ste-
nosis, the coronary driving pressure
equals the difference between the aortic
pressure (Pa) and Pv. Thus, flow in the
absence of a stenosis is simply (Pa – Pv)/
Resistance 1. Similarly, in the presence
of a coronary stenosis, the coronary
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FIGURE 12-8. Derivation of fractional flow reserve. Q, Coro
distal to the stenosis; Pv, coronary venous pressure or right at
driving pressure equals the difference
between the pressure distal to the steno-
sis (Pd) and Pv, with flow in the presence
of a stenosis expressed as (Pd – Pv)/Resis-
tance 2. Fractional flow reserve is the
ratio of maximum flow in the presence
of a stenosis to the theoretical maximum
flow if the artery were normal. Thus, the
formula becomes

FFR ¼
ðPd� PvÞ=R2 under maximum

hyperemia

ðPa� PvÞ=R1 under maximum
hyperemia
During maximum hyperemia, because
the resistances R1 and R2 are very low,
they will be similar and cancel out. In
addition, Pv is usually very low and does
not contribute significantly. The formula
is usually simplified as:
s: (Pd – Pv) divided by R2

: (Pa – Pv) divided by R1

Pv

essure)

nce)

Pv

(Pd – Pv) / R2

(Pa – Pv) / R1

remic Pd

remic Pa

nary blood flow; Pa, aortic pressure; Pd, coronary pressure
rial pressure; R, resistance; FFR, fractional flow reserve.
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FFR ¼ Mean hyperemic Pd

Mean hyperemic Pa

Although thenormal valueof 1.0 iswell

accepted and has been firmly established
in humans,6 the value below which a ste-
nosis is deemed significant is of some
debate. Several investigations have deter-
mined the FFR value associated with
ischemia on noninvasive tests.7–9 These
investigations involved patients with sin-
gle vessel disease, stable chest pain syn-
dromes, and moderate coronary lesions
and excluded patients with potentially
confounding conditions such as left ven-
tricular hypertrophy or prior myocardial
infarction. Based on these studies, lesions
associated with ischemia have FFR <0.75.
Lesions with FFR between 0.75 and 0.78
are generally recognized as borderline
and may, in fact, represent significant
lesions, particularly in the setting of left
ventricular hypertrophy.
Fractional Flow Reserve
Technique
Assessment of FFR is fairly straightfor-
ward to perform, using basic interven-
tional skills (Figure 12-9). After engaging
a standard angioplasty guide catheter into
the coronary ostium, the pressure wire is
zeroed and calibrated. Because the pro-
cedure involves instrumentation of the
coronary artery, the University of Virginia
Cardiac Catheterization Laboratory typi-
cally administers unfractionated heparin
(50 U/kg) prior to wire passage distal to
the coronary lesion. Once the operator
has established that the pressures re-
corded from the catheter tip and the
pressure wire’s micromanometer are iden-
tical (Figure 12-9, B and C), the wire is
advanced down the coronary artery and
the transducer positioned distal to the
lesion in question. The pressure wave-
forms are recorded at rest andduringmax-
imal hyperemia induced by one of several
methods.10 Intracoronary adenosine is
perhaps the simplest and is themost com-
monly used method in the University of
Virginia Cardiac Catheterization Labora-
tories. For the left coronary artery, 80–
100 mg of adenosine is injected as a bolus
into the artery using a concentration of
10 mg/mL. To capture maximal hyper-
emia, simultaneous catheter tip (or Pa)
and distal wire pressure (Pd) are recorded
for 15–20 seconds. The point of maxi-
mum hyperemia is apparent at the nadir
of the mean pressure typically observed
several seconds after the bolus is adminis-
tered. For the right coronary artery, 30–
40 mg of intracoronary adenosine is usu-
ally adequate; higher doses may cause
transient heart block, asystole, or bradyar-
rhythmiasbut these are transient andusu-
ally self-limiting. Alternatively, some
advocate an infusion of adenosine
through a large peripheral vein at 140 mg/
kg/min. Intravenous administration pro-
vides a longer period of hyperemia and a
more stable response but at greater cost
andmorepotential for systemic side effects
such as flushing and chest pain. Using this
methodology, hyperemia is usually maxi-
mal about 1 minute into the peripheral
infusion. Regardless of the method, the
pressure waves are recorded during hyper-
emia, and FFR is simply calculated as Pd/
Pa during hyperemia, as described (Figure
12-9, D). Most operators end the proce-
dure by withdrawing the pressure trans-
ducer to the catheter tip, verifying that
the pressures remain equal and con-
firming that transducer drift has not
occurred, establishing the reliability of
the measurements.
Several important considerations and

potential sources of errors when making
these measurements include the
following:
1. The operator should be careful to

note if engagement of the guide catheter
causes pressure damping or ventriculari-
zation. This will falsely lower the Pa and



FIGURE 12-9. A, Example of method for measuring fractional flow reserve. A moderate lesion is seen in the mid-portion
of the left circumflex artery (arrow). B, The pressure wire is placed initially with the transducer (arrow) at the guide tip to
ensure that (C) the guide pressure and wire transducer pressure are identical. The wire is then advanced with the trans-
ducer positioned past the lesion. Baseline pressures are usually sampled and then maximal hyperemia induced with aden-
osine. D, During maximal hyperemia, pressures are sampled at the catheter tip or aorta (Pa) and distal to the lesion (Pd).
In this case, the FFR ¼ 0.90.
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an erroneously high calculated FFR
(Figure 12-10). Furthermore, if the intra-
coronary method of adenosine adminis-
tration is used, the operator should avoid
using a guide catheter with side-holes
and be sure the catheter is selectively
engaged. This ensures that the adenosine
bolus actually sees the coronary circula-
tion; otherwise, maximal hyperemia will
not occur, underestimating FFR.
2. If the FFR value obtained with

intracoronary adenosine is in the inter-
mediate range (i.e., between 0.75 and
0.78), the operator should consider
repeating the measurement at higher
bolus doses of adenosine or by using in-
travenous adenosine before concluding
that the lesion is not hemodynamically
significant.
3. A point often not considered relates

to the potential risk of guidewire instru-
mentation of an atherosclerotic coronary
artery. Rarely, the guidewire results in dis-
ruption or dissection of the atheroscle-
rotic plaque and abrupt vessel closure.
Therefore, if the lesion in question is not
amenable to percutaneous interventional
techniques, FFR should not be performed.



FIGURE 12-10. Example of a potential source of error during FFR measurement. A, A subtle ventricularization of the
guide catheter, resulting in a falsely low Pa pressure (74 mmHg) with a Pd pressure of 68 mmHg and a calculated FFR
of 0.92, suggesting that this lesion is not significant. B, However, when the guide catheter is repositioned into the aorta,
the Pa pressure rises to 86 mmHg with a Pd of 64 and a calculated FFR of 0.75, suggesting that the lesion is, in fact,
a significant one.
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4. Finally, transducer pressure drift can
occur during the performance of the
procedure. For this reason, confirmation
that the catheter-tip pressure and the
pressure wire transducers are the same at
the conclusion of the case provides the
operator great confidence in the FFR
measurement obtained.
Clinical Applications of
Fractional Flow Reserve
Coronary hemodynamic assessment is
indispensable in the current practice of
interventional cardiology. Application
to common clinical scenarios includes
evaluation of moderate or ambiguous
coronary lesions, left main stem disease,
multivessel disease, diffuse disease and tan-
dem lesions, as well as for post-coronary
intervention assessment.

Fractional flow reserve is most com-
monly used to assess lesions that appear
only modestly narrowed. Angiography
alone is notoriously misleading in this
subset. Not only are experienced inter-
ventional cardiologists unable to discrim-
inate significant from nonflow limiting
lesions by angiography alone, but also
they completely disagree regarding the
significance of the same lesions!11
Figure 12-11 is an example of the value
of FFR in a 52-year-old woman with
peripheral vascular disease and a remote
history of a coronary intervention on the
right coronary arterynowpresentingwith
a stable anginal syndrome. Angiography
revealed total occlusion of a small right
coronary artery and normal-appearing
leftmain stemand left circumflex arteries.
The left anterior descending artery had
a stenosis of moderate severity at the
bifurcation of a diagonal branch (Figure
12-11, A). Despite imaging in multiple
views, the lesion did not appear particu-
larly worrisome or severe. However, FFR
assessment demonstrated that this lesion
was hemodynamically significant with
an FFR calculated at 0.71 (Figure 12-11,B).
Another common indication for FFR is

for the assessment of ambiguous lesions,
that is, coronary disease not well visua-
lized by angiography either because of
overlapping segments, vessel tortuosity,
or lesion eccentricity. Fractional flow
reserve assessment is especially valuable
when the patient’s clinical symptoms
are atypical. The FFR measurement can
be extremely valuable to the cardiologist
who wishes to reconcile the clinical syn-
drome and the angiogram. If the ambigu-
ous lesion is not significant, it is unlikely



FIGURE 12-11. A, Example of the value of FFR in determining the significance of a moderate stenosis of the left anterior
descending artery in a 52-year-old woman. B, FFR was calculated at 0.71 consistent with a hemodynamically significant
stenosis.
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that the patient’s atypical symptoms are
due to the stenosis or that the condition
will improve if revascularized. Alterna-
tively, the angiogram may underrepre-
sent an important stenosis, causing the
practitioner to erroneously dismiss the
symptoms as noncardiac.
The angiogram shown in Figure 12-12

reveals an ambiguous lesion in the proxi-
mal left anterior descending artery in a
55-year-old morbidly obese woman with
dyspnea on exertion and an abnormal
but nondiagnostic noninvasive study.
Left ventricular function was normal and
no atherosclerotic disease was found in
the right coronary andcircumflex arteries.
In this case, a complex array of branches
emanated from the proximal segment of
the left anterior descending artery, over-
lapping the area in question. In addition,
the patient’s body habitus limited the
range of angiographic angles, preventing
optimal visualization of the area. An FFR
of 0.94 confirmed that this lesion was
not significant and therefore not respon-
sible for the clinical syndrome.
It is important for the cardiologist to

understand the natural history of patients
with either ambiguous lesions or lesions
ofmoderate severity inwhom revasculari-
zation is deferred based on the presence of
a nonischemic FFR. This was the focus of
several studies summarized in Table 12-2.
The 12-month rate of major adverse
events (cardiac death, nonfatal myocar-
dial infarction, or target vessel revasculari-
zation), ranging from 8%–14%, was
surprisingly consistent across all stud-
ies.12–17 The few events during follow-up
were nearly all due to target vessel revas-
cularization; the rates of death or nonfatal
infarction were very low. These data



FIGURE 12-12. A, Example of an ambiguous lesion in the proximal left anterior descending artery. Note the complex
array of vessels that surround the lesion, making it difficult to see by angiography. B, FFR was 0.94, confirming that this
lesion was not significant.

TABLE 12-2.

Outcome of Patients with
Fractional Flow Reserve Greater
than 0.75 in Whom
Revascularization Is Deferred

AUTHOR PTS
FOLLOW-

UP
EVENT
RATE

Bech et al., 199812 100 18 months 10%
Bech et al., 200113 91 12 months 8%
Chamuleau et al.,
200214

92 12 months 11%

Rieber et al., 200215 59 12 months 11%
Mates et al., 200516 85 24 months 13%
Fischer et al., 200617 111 12 months 14%
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reassures the practitioner and the patient
that revascularization is not necessary for
lesions that appear moderately narrowed
on angiography with an FFR>0.75. How-
ever, important caveats to these studies
exist. They consist primarily of patients
with stable coronary disease as these stud-
ies typically exclude patients with acute
coronary syndromes. The pathobiology
of a moderate stenosis seen in the setting
of an acute coronary syndrome may be
different and associated with a higher
event rate. Furthermore, there is little
information on unselected, ‘‘real world’’
patients in whom FFR is routinely used
to make decisions. In addition, non-U.S.
patients constitute the bulk of the pub-
lished studies; in the United States, there
may be different patient expectations
and referral physician demands that lead
to higher rates of revascularization during
follow-up.
Significant atherosclerotic narrowing

of the left main coronary artery is a
potentially life-threatening condition
that may not always be easily imaged by
coronary angiography, which is particu-
larly true for lesions that involve the
ostium, an area commonly obscured
from clear view. Such lesions are ideal
for assessment by FFR, allowing the phy-
sician fewer sleepless nights worrying
about a decision based solely on the
angiogram. This topic has been explored,
and several studies have demonstrated
the safety of deferring revascularization
of ambiguous left main stem lesions with
FFR >0.75.18,19 An example of an ambig-
uous left main lesion assessed by FFR is
shown in Figure 12-13.
Patients with multivessel disease repre-

sent another challenging subset. The
choice of revascularization (i.e., surgery
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FIGURE 12-13. Example of the role of FFR determination in assessment of an ambiguous left main lesion. A, The cath-
eter pressure waveform ventricularized and damped. B, Angiography identified an ostial narrowing of moderate severity
of the left main artery (arrow). C, Coronary pressure measurement determined the FFR at 0.91.
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vs. percutaneous intervention) is often
basedon theangiogram.While a ‘‘culprit’’
lesion is often readily apparent, the signif-
icance of disease in other arteries may be
difficult to discern. Myocardial perfusion
imaging, based on the concept of relative
flow reserve, may be entirely normal
despite severe three-vessel disease because
of ‘‘balanced’’ ischemia.20,21 Again, in
such scenarios, FFR can allow the physi-
cian to make revascularization decisions
with great confidence (Figure 12-14).
Diffuse coronary disease and tandem,

or serial, lesions represent unique subsets
difficult to assess by angiography alone.
Coronary hemodynamic assessment can
prove extremely valuable in these set-
tings. Recall that coronary angiography
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FIGURE 12-14. Example of use of FFR for assessment of multivessel coronary disease. A 60-year-old man with classic
angina pectoris undergoes a stress test that reveals inferior ischemia. Coronary angiography confirmed a severe narrowing
of the right coronary artery. A–B, However, the left coronary angiogram showed moderate narrowing of the mid-portion
of left anterior descending artery. C, The lesion was crossed with a pressure wire demonstrating a large gradient at rest;
(D) following administration of 80 mg of intracoronary adenosine, the FFR ¼ 0.53 and thus represents a hemodynamically
significant lesion.
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represents only the arterial lumen. Angi-
ography accurately identifies and charac-
terizes coronary artery disease only in the
presence of a normal reference segment.
Atherosclerosis may involve the entire
artery, however, making it difficult to
appreciate the extent of arterial narrowing
by angiography alone. Coronary hemo-
dynamic assessment has the potential of
detecting disease not apparent on angio-
graphy. In a study of patients with angio-
graphic coronary disease in one artery,
a significant pressure gradient existed
between the aorta and the distal coronary
artery of another, angiographic ‘‘normal’’
artery in 57% of arteries; in 8% of such
normal arteries, the FFR was <0.75,
demonstrating the truly diffuse nature of
coronary disease. 22

A modification in the technique for
FFR assessment is required in the setting
of diffuse coronary disease. Because there
is no specific, focal lesion, the pressure
transducer is positioned in the distal
artery and slowly pulled back during
hyperemia. This technique requires
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sustained hyperemia that mandates the
use of an intravenous infusion of adeno-
sine at 140 mg/kg/min. The duration of
hyperemia induced by intracoronary
adenosine is too brief andwill likely dissi-
pate during the course of the pullback.
Typically, the lowest FFR value is at the
most distal site, and a slow, progressive
rise in the FFR occurs as the pressure wire
is withdrawn toward the guide catheter
(Figure 12-15). Occasionally, the operator
may note an abrupt step-up in the hyper-
emic pressure gradient, suggesting a
more focal area of disease treatable with
stenting.
Determination of the significance of

tandem, or serial, lesions within the
same artery represents a significant chal-
lenge to the operator. One cannot sim-
ply calculate hyperemic Pd/Pa at each
site because significant interaction
occurs between the two lesions. With
two lesions in tandem, FFR of the distal
lesion is influenced by both the proxi-
mal and distal stenosis. Similarly, FFR
of the proximal stenosis is affected by
FIGURE 12-15. An example of diffuse disease that involve
showed only moderate, diffuse disease that involves the proxim
positioned distally, and under conditions of sustained, maxim
mined to be 0.59. The wire was slowly pulled back with a slo
the proximal segment of the artery.
the presence of the distal stenosis. Flow
through the first stenosis will be sub-
maximal, leading to a falsely high FFR,
potentially misclassifying a hemody-
namically significant stenosis. Equa-
tions for the calculation of FFR for
sequential stenosis have been described
but are cumbersome and not suitable for
application to routine clinical prac-
tice.23,24 Probably the most practical
method is to simply measure the FFR
across the distal stenosis. This will deter-
mine if the serial lesions together consti-
tute a significant stenosis. If FFR <0.75,
then the operator can either treat both
lesions or treat the most severe lesion
and repeat FFR of the remaining single
lesion. Figure 12-16 shows the use of
FFR in a case of sequential stenoses that
involves the left anterior descending
artery.
Fractional flow reserve has been used

to assess the results of coronary stenting.
Ideally, the operator strives for an FFR
>0.95 following coronary stent place-
ment because an FFR value of >0.94–0.96
s the left anterior descending artery. A, The angiogram
al to mid-portion of the artery (arrows). B, With the wire

al hyperemia with intravenous adenosine, FFR was deter-
w, progressive rise in distal pressure noted all the way to
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FIGURE 12-16. Example of FFR in the case of sequential
stenoses that involves the left anterior descending artery.
A, An angiographic severe stenosis was noted in the distal
portion of the artery with a more proximal, moderate ste-
nosis present. B, When the transducer of the pressure wire
was first placed across just the proximal, moderate steno-
sis, (C) the FFR was 0.85. D, When the wire was placed
distally across both lesions, the FFR was 0.66. The distal
lesion was stented successfully, and when the FFR was
repeated across the proximal lesion, (E) it had now
decreased from 0.85 to 0.78. This is an example of how
a distal lesion may falsely raise the FFR of the more prox-
imal lesion and exemplifies the complexity of FFR
assessment in the setting of tandem lesions.
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correlates with optimal stent deploy-
ment by intravascular ultrasound.25,26

More importantly, the post-stent FFR
correlates with outcome. A large, multi-
center registry, performed in the bare
metal stent era, found a 6-month major
adverse cardiac event rate of only 5%–
6% if the FFRmeasured>0.90 post-stent-
ing compared to a rate of adverse events
of 21% if post-stent FFR measured <0.90
(Figure 12-17).27 Importantly, however,
it may not always be possible to achieve
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FIGURE 12-17. Relationship between post-stent
FFR and major adverse cardiac events (MACE) dur-
ing follow-up. (Adapted from Pijls NH, Klauss V,
Siebert U, et al. Coronary pressure measurement
after stenting predicts adverse events at follow-up.
A multicenter registry. Circulation 2002;105:2950–
2954.)
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such high FFR values post-stenting. The
post-stent FFR does not solely reflect
the status of the stent deployment or
degree of residual stenosis at the stent
site. The presence of unappreciated dis-
ease proximal to the stent is a common
alternate explanation for a suboptimal
FFR after stent deployment.
Criticisms of Fractional Flow
Reserve Theory
Fractional flow reserve assessment
has become an established adjunctive to
angiography, and FFR values <0.75 are
generally accepted as hemodynamically
significant or ischemic. Nevertheless, sev-
eral important limitations and criticisms
exist of the theory behind FFR assess-
ment.28 First, some critics question the
validity of FFR in conditions associated
with abnormal microvasculature such as
extensive myocardial infarction and left
ventricular hypertrophy. Second, some
of the underlying assumptions of FFR the-
orymay be in error. For example, myocar-
dial resistance may not be constant or
uniformduringhyperemia. In fact,micro-
vascular resistance may increase from rest
to hyperemia in the presence of a stenosis.
Thus, cancelling resistance may overesti-
mate the true FFR. A common shortcut is
to ignore venous pressure; however, this
may not be appropriate. This may be par-
ticularly true if the FFR is the so-called
indeterminate or gray zone of 0.75–0.78.
Consider the following example. If, dur-
ing maximum hyperemia, the Pa ¼
105 mmHg and the Pd ¼ 80 mmHg, and
the right atrial pressure is ignored, then
FFR ¼ 0.78 and the lesion is classified as
nonsignificant. If right atrial pressure were
taken into consideration and measured
only 5 mmHg, then the corrected FFR
would not change the designation of the
lesion (FFR ¼ 0.77). If, however, the right
atrial pressure were elevated at 25 mmHg,
then the FFRwould now calculate to 0.71,
changing the lesion designation. There-
fore, itmightmake sense to considermea-
suring right atrial pressure when lesions
are in the gray zone of 0.75–0.78. The
third criticism is that FFR theory idealizes
many of the relationships between pres-
sure and flow; however, in reality, a non-
linear relationship exists between flow
and pressure and there are complex fluid
dynamics due to viscosity, post-stenotic
pressure loss, etc. involved, thus under-
mining the idealized relationship.
Future Directions
Important future directions for coro-
nary hemodynamics include the ability
to simultaneously measure both FFR
andCFR. Thiswouldhelp discern the role
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of themicrovasculature versus the epicar-
dial coronary artery in various clinical
syndromes such as anginal pain in the
presence of nonischemic FFR or as a
method of detecting subclinical disease
in certain patient subsets. Thus, hemody-
namic coronary assessment is likely to
achieve a greater level of sophistication
than at present, providing greater refine-
ment in our understanding of coronary
artery disease.
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Advanced
Hemodynamic
Assessment of
Ventricular Function
D. SCOTT LIM, MD, and
HOWARD P. GUTGESELL, MD
Commonly, ventricular function as-
sessment is performed by relatively crude
and inaccurate methods that are load-
dependent. Angiographically assessed
left ventricular (LV) ejection fraction is
a frequently performed index of LV sys-
tolic function but is based on certain
assumptions about geometric symmetry
and is affected by both preload and after-
load.1–3Left ventricularend-diastolicpres-
sure is also commonly cited as an index of
LV diastolic performance4 but is also simi-
larly affected by both volume and pres-
sure-loading conditions.5 In the earlier
days of cardiology, investigators focused
on isolated nonhuman cardiac muscle
preparations to elucidate the underlying
mechanisms of ventricular performance,
and these observations were applied to
the cardiac patient at the bedside by clini-
cians. However, up until recently, these
advanced measurements were neither
practical nor sufficiently real-time to be
applied clinically.

In this chapter, we will cover the princi-
ples of the invasively measured indices
derived fromcommercially available pres-
sure-volume loop recordings. Examples
are shown from patients with congeni-
tal heart disease recorded in real-time,
both prior to and after transcatheter
intervention.
Equipment
Commercially available equipment
(CD Leycom, Zoetermeer, The Nether-
lands) has been developed to determine
the real-time volume of the LV by means
of the conductance catheter tech-
nique.6,7 This principle uses a low-energy
electric field between two poles on the
catheter, and a series of electrodes located
in between those two poles measures the
conductance of the electrical field. As
the volume of blood that separates the
electrical field changes, the conductance
of the electrical field also changes, and
thus the change in volume of the sur-
rounding blood pool can be rapidly in-
ferred. Our laboratory uses either of two
commercially available conductancecath-
eters (Millar Instruments, Houston, or
Sentron, Zoetermeer, the Netherlands),
placed either retrograde into the left ven-
tricle or by transvenous approach into
the systemic ventricle (Figure 13-1). Both
types of catheters have at least one high-
fidelity pressure sensor for simultaneous
pressure measurements.
To differentiate between the conduc-

tance of the ventricular blood pool and
the surrounding tissue, parallel conduc-
tance (Vc) correction is performed by
injecting 10milliliters of hypertonic (3%)
saline in a pulmonary artery catheter.8

The hypertonic saline bolus transiently
changes the conductance of the blood
pool, allowing differentiation between it
and the static conductance of the sur-
rounding tissues. For exact volume mea-
surements, a correction is performed by
calibration with stroke volume (measured
either by thermodilution cardiac output
measurement or the Fickprinciple, divided
by the heart rate). After positioning the
conductance catheter in the ventricle of
interest, it is then connected to a CFL-512
Cardiac FunctionComputer (CDLeycom).
219



FIGURE 13-1. Cineradiogram of retrograde placement
of conductance catheter in the left ventricle. The closed
black arrow indicates the conductance catheter positioned
from a retrograde approach into the body of the left ven-
tricle. The white arrow is an atrial septal defect occluder.
Stable position during measurements is confirmed both
by loop analysis and by fluoroscopic markers.
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Other laboratories have also used the
Sigma5 conductance computer (CD
Leycom). Both types of catheters have a
high-fidelity pressure sensor at the tip.
Either will allow the real-time measure-
ment of the pressure-volume relationship.
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The Pressure-Volume Loop
The real-time recorded relationship
between ventricular pressure and volume
is plotted and shown in Figure 13-2.
As the data are acquired in the ventricle,
a counterclockwise loop is created. This
direction of the loop is important in
distinguishing between ventricular and
aortic positioning of the catheter; in the
latter case, a clockwise loop is created.
Figure 13-3 shows the relationship be-
tween chamber volume and time. Note
that in the aorta, pressure rises with sys-
tole and the aorta distends, increasing
the volume. This relationship is in con-
trast to the ventricle, in which the rising
pressure during systole is associated with
a decrease in chamber volume. The vol-
ume measurements are divided into a
series of discs based upon the number of
conductance sensors in the catheter. If a
superior segment of the volume measure-
ment, plotted against the simultaneous
pressure measurements, changes from a
counterclockwise loop toaclockwise loop,
it means that the catheter position has
migrated out of the ventricle with ven-
tricular contraction. Our laboratory uses
both this technique aswell as fluoroscopic
EDV

210

FIGURE 13-2. The pressure-volume
loop. This diagram was taken from mea-
surements at baseline in a patient prior to
percutaneous closure of an atrial septal
defect. The open arrow demonstrates the
point of end-diastole, coincident with
the R wave on the electrocardiogram. The
loop, starting at end-diastole (referenced
from the QRS on the electrocardiogram)
proceeds in a counterclockwise direction
through isovolumic contraction, to the
ejection phase, which ends in end-systole.
End-systole (closed arrow) is determined by
the maximum P/V ratio, which then starts
the isovolumic relaxation phase. Afterload
ismeasured as the slope of the line (Ea) from
end-systole to the end-diastolic volume at
zero pressure (EDV).
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FIGURE 13-3. Catheter positioning by
volume measurements. The first four
volume segments, from Vapex to V4, are
located within the ventricle as demon-
strated by the simultaneous decrease in
volumes during systole and increase dur-
ing diastole. The most superior segment,
Vaorta, is showing the expected volume
rise as the aorta distends with systolic
ventricular contraction and the reverse
during diastole.
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landmarks to maintain a consistent posi-
tion of the catheter within the ventricle
to generate reproducible measurements.
Methods of Recording
Derivatives of the high-fidelity pressure
recordings are used to determine several
indices of ventricular function. These
measurements are affected by noise in the
recording system, and, frequently, curve-
smoothing algorithms are used as well as
multiple beat averaging to record a stable
pressure-volume loop. Additionally, mea-
surements are taken with breath-hold at
end-expiration.Often, the currently avail-
able catheters are without a lumen and
therefore are difficult to manipulate in a
retrograde fashion across abnormal aortic
valves without damage to the catheter.
To solve this problem, our laboratory first
positions a long sheath retrograde across
the aortic valve to the LV apex, through
which we can then advance the conduc-
tance catheter. The long sheath is then
pulled back, exposing the conductance
catheter to the left ventricle.
Indices Measured
The ultimate measurement of ventric-
ular function is the load-independent
indices of elastance, or end-systolic pres-
sure-volume relationship,9 and compli-
ance, or end-diastolic pressure volume
relationship (Figure 13-4).10 Elastance is
determined by the slope of the end-
systolic points of the pressure-volume loop
obtained under changing of the loading
conditions.11 Preload and afterload can
be changed by one of several methods:
(1) acute volume challenge, (2) inferior
vena caval occlusion using a balloon, and
(3) phenylephrine infusion. End-systole
is defined as the point of maximum
pressure/volume ratio.4 The end-systolic
pressure-volume relationship, as the ulti-
mate load-independent index of ventric-
ular systolic function, is particularly
useful in the evaluation of interventions
that may affect ventricular function as
well as loading conditions. Our labora-
tory has used this index in evaluation of
percutaneous repair of large atrial septal
defects, in which the repair acutely vol-
ume loads the left ventricle, to determine
whether the occlusion device may also
adversely affect cardiac mechanics. In
28 patients studied, we found that, as
expected, the preload-dependent indices
showed the expected alterations, but that
elastance also increased, possibly related
to improved LV geometry.12

End-diastole is defined as coincident
with the electrocardiographic T wave.
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FIGURE 13-4. Elastance pre-inter-
vention and post-intervention. A, From
a stable pressure-volume loop record-
ing, loading conditions are changed
with phenylephrine and saline bolus
(to augment afterload and preload,
respectively), and the series of end-sys-
tolic points is plotted in the graph. The
slope of this line (closed black arrow)
yields the value of elastance, or the
end-systolic pressure-volume relation-
ship, which is a load-independent index
of ventricular systolic function. B, After
the intervention is performed (in this
case, closure of an atrial septal defect),
elastance is remeasured.
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Compliance is similarly determined by
the slope of the end-diastolic points of
the pressure-volume loop under chang-
ing of the loading conditions. However,
preliminary data suggest that the slope
of the end-diastolic pressure-volume rela-
tionship may not be linear, and further
work is needed to clarify this.10,13

Specific indices of ventricular func-
tion have been determined from the
first derivatives of the change in pres-
sure. Although these indices derived
from the pressure waveform are affected
by loading conditions, they have some
use in defining ventricular function.
When the slope of the change in pres-

sure with respect to the change in time
is plotted (Figure 13-5), the maximal
and minimum values become apparent.
The peak maximal value, þdP/dtmax, is
a preload-dependent index of ventricu-
lar function.14 In vivo, it has been shown
to be relatively afterload-independent,15

and the degree of preload-dependence is
generally less than 10%.15–17 However,
the range of normal values appears to
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be between 1350 and 2144 mmHg/sec
for the left ventricle, and given the
smaller muscle mass of the normal right
ventricle, normal values in the right
ventricle are 233–296 mmHg/sec.15,16,18

As such, its value is in intrapatient assess-
ment of ventricular function before and
after an intervention that does not mark-
edly change volume-loading conditions.
However, due to its ease in measure-
ment, this index is one of the more com-
monly measured, particularly because it
may also be derived from easilymeasured
noninvasive Doppler methods.

Attempts have been made to account
for the preload-dependence ofþdP/dtmax,
by correcting it using the developed iso-
volumic pressure (dP/dt/IP). This index
has been shown to be preload and after-
load independent in the isolated canine
model19 but has not been validated in
humans.

Similarly, the peak minimal value, or
�dP/dtmin, has also been shown to be
affected by inotropic agents and is
thought to be a relatively crude assess-
ment of diastolic function.20,21 While
normal ranges have been established
(1581–2661 mmHg/sec),22,23 it has been
shown to be exquisitely sensitive to
preload and afterload conditions,21,24
rendering this index less useful as an
invasive assessment of diastolic function.
Another index derived from the

changing ventricular pressure signal is
tau (t), also known as the time constant
of isovolumic relaxation.25 Tau has been
shown to be a preload-independent
measure of ventricular diastolic func-
tion.26 This measure is derived from the
time it takes for the pressure to fall from
the point of�dP/dtmin to the inverse nat-
ural log of that pressure, and is expressed
inmilliseconds.Given that there remains
some uncertainty with measurement of
compliance, and that the other indices
of diastolic function are significantly pre-
load dependent, tau is the most reliable
assessment of diastolic function cur-
rently available. Although normal values
have not been determined, its value has
been correlated with postoperative out-
comes in single ventricle patients.27

It may be measured in real-time by
commercially available software (CD
Leycom).
Limitations of the Technique
In vivo human use of these techniques
is now possible using commercially
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available and FDA-approved equipment.
The cost of the equipment and lack
of third-party reimbursement limit its
usage primarily to research endeavors.
Additionally, to make accurate and reli-
able volumetric measurements, the con-
ductance catheter technique relies on
calibration to cardiac output (a correla-
tion). The frequently used techniques
(thermodilution or Fick method) have a
significant degree of variability. There-
fore, our laboratory has found that the
conductance catheter technique is most
reliable for intrapatient assessment, par-
ticularly before and after interventions
that may affect either ventricular func-
tion or loading conditions. However,
we have not been as confident with
interpatient assessment and the value
of absolute values of these indices of
ventricular function.
Future Directions
The high cost of the equipment pre-
cludes its general clinical usage. With
future evolution of this technology to
lower cost equipment, it is possible that
this will supplant the currently used, rel-
atively crude assessments, such as angio-
graphic ejection fraction and cardiac
output measurement, which are highly
dependent on loading conditions. Addi-
tionally, as MRI-guided catheter inter-
ventions develop, real-time assessment
of volume measurements in combina-
tion with invasive pressure recordings
will afford a similar hybrid approach to
ventricular function analysis.
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Miscellaneous
Hemodynamic
Conditions
MICHAEL RAGOSTA, MD
Physicians often become confused by
unusual findings on pressure waveforms.
Some of these are easily explained by one
of several well-known artifacts. Many,
however, are due to distortion from the
effects of an arrhythmia. If not recog-
nized or understood, the hemodynamic
data may be misinterpreted, leading
to errors in diagnosis or management.
In addition, several commonly occurring
clinical conditions such as obesity, lung
disease, and pulmonary embolism have
important and interesting hemodynamic
effects. Finally, physicians have applied
hemodynamic techniques and principles
to the invasive evaluation of peripheral
arterial disease. The hemodynamic effect
of these miscellaneous conditions will be
discussed in this chapter.
Effect of Arrhythmia on
Hemodynamic Measurements
The cardiac rhythm determines the
events responsible for generation of the
pressure waveforms during the cardiac
cycle, and disturbances of the cardiac
rhythm are often reflected in the wave-
forms. Perhaps the simplest and most
commonly observed rhythm abnormal-
ity is the premature ventricular beat,
or PVC. The premature beat produces a
systole with a contraction that may be
too weak to open the aortic valve. This
may be apparent hemodynamically as
absence of the arterial pressure wave
226
that causes the ‘‘skipped beat’’ reported
by many patients (Figure 14-1, A). More
often, however, the premature beat is
associated with reduced aortic pressure
(Figure 14-1, B). Because of the lower
pressures of the right heart, right ven-
tricular contraction associated with a
premature beat is usually adequate to
open the pulmonic valve and generate
a weakened pulmonary artery pressure
wave. This does create the scenario,
however, in which one ventricle ejects
(the right ventricle) while the other does
not (left ventricle) and may explain the
symptoms of ‘‘fullness’’ and dyspnea
accompanying PVCs in some patients.
A normal beat after a PVC follows a

compensatory pause and is typically a
beat with stronger contraction due to
enhanced filling and increased contrac-
tility.1 This may manifest as an increased
systolic pressure on the aortic or left
ventricular pressure wave compared to
the usual sinus beats (Figure 14-2). Most
normal hearts do not exhibit this be-
havior and it is more readily apparent in
patientswith left ventricular dysfunction
in whom the greater contractile force
of the post-PVC beat has more impact
on the cardiac output. The phenomenon
of extrasystolic potentiation assists in the
diagnosis of hypertrophic obstructive
cardiomyopathy. The increased contrac-
tility of the post-PVC beat increases the
degree of obstruction, raising the pres-
sure gradient between the aorta and the
left ventricle but lowering the pulse pres-
sure on the aortic pressure waveform
(Figure 14-3). Compare this to the patient
with valvular aortic stenosis where the
degree of obstruction is fixed and the
post-PVC beat raises the gradient but also
raises both left ventricular and aortic sys-
tolic pressure; the pulse pressure on the
aortic waveform consequently increases
(Figure 14-4).
Atrial premature beats may be inap-

parent on the electrocardiogram but



FIGURE 14-1. An example of an aortic pressure waveform obtained in a patient with ventricular bigeminy. A, In the first
panel, the premature ventricular beats (arrows) are unable to generate enough force to open the aortic valve and there
is no associated aortic pressure waveform. B, In the second panel, each premature beat is associated with a diminished
aortic pressure (arrow).

FIGURE 14-2. The beat following a premature ventricular contraction typically has greater contractile force and may
have a higher systolic pressure. A, Depiction of finding on aortic pressure trace. B, Depiction of finding on a left ventric-
ular tracing.
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significantly affect the hemodynamic
waveforms andmay lead to errors in inter-
pretation. A classic example is shown in
Figure 14-5, where the aortic pressure
appears to show pulsus alternans. Upon
close inspection of the monitoring lead,
however, an atrial bigeminal pattern is
apparent. This finding has deceived
experienced cardiologists since the
1960s, when it was also described with
sinus arrhythmia.2

Atrial fibrillation is a very common
dysrhythmia with important effects on
the hemodynamics. On the right and
left atrial waveforms, the absence of
atrial systole is apparent by the absence



FIGURE 14-3. In patients with hypertrophic obstructive
cardiomyopathy, the beat following a premature ventricu-
lar contraction is associated with greater obstruction, an
increase in the outflow tract gradient, and a drop in aortic
pulse pressure known as the Brockenbrough sign.

FIGURE 14-4. In contrast to patients with hypertrophic
obstructive cardiomyopathy, the augmented post-prema-
ture beat results in an increase in the transvalvular gradi-
ent and an increase in aortic pulse pressure in patients
with valvular aortic stenosis.
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of an a wave. The x descent, however,
may still be evident because this is
caused by downward excursion of the
tricuspid or mitral annulus during ven-
tricular systole (Figure 14-6). In atrial
flutter, atrial systole occurs, albeit at a
very rapid rate, and this translates to
clearly notable systolic waves on the
atrial pressure tracing (Figure 14-7). The
varying R-R intervals in atrial fibrillation
cause varying degrees of ventricular fill-
ing with each beat and result in a wide
variation in the systolic pressure peaks
(Figure 14-8). This may be confused as
a pulsus paradox. Furthermore, this
same phenomenon results in beat-to-
beat variations in the transvalvular gra-
dients that impact valve area calcula-
tions in patients with aortic or mitral
stenosis (Figures 14-8 and 14-9). It is for
this reason that data from at least 10 con-
secutive beats are averaged in patients
with atrial fibrillation when calculating
the valve area invasively.
Complete heart block results in loss

of AV synchrony. Contraction of the
atrium against a closed valve causes a
marked increase in atrial pressure, partic-
ularly if this chamber is not compliant.
This can be appreciated on a right atrial
waveform as a cannon wave and may be
confused with prominent v waves, lead-
ing to a false diagnosis of tricuspid regur-
gitation (Figure 14-10). The importance
of AV synchrony inpatientswith reduced
left ventricular function and a ventricu-
lar pacemaker can be appreciated by
the increase in systolic pressure when
the atria contracts compared to beats
where there is just ventricular contraction
(Figure 14-11). Additional hemodynamic
abnormalities caused by pacemakers have
been reviewed.3 First-degree AV block
causes the cwave to becomemore obvious
since the c wave follows the a wave by
the same time as the PR interval on the
electrocardiogram (Figure 14-12).
Effect of Obesity on
Hemodynamic Measurements
Obtaining accurate hemodynamic
measurements inmorbidly obese patients
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FIGURE 14-5. A, Upon initial observation, the aortic waveform on this tracing appears to show pulsus alternans.
B, Close inspection of the rhythm strip reveals atrial bigeminy.

FIGURE 14-6. Atrial fibrillation distorts the atrial pres-
sure waveform. Because atrial systole is not present, the
a wave is absent. However, an x descent may be seen
due to downward displacement of the mitral or tricuspid
annulus (arrow).
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can be challenging. The zero level is
often erroneously set to the same level as
more svelte patients, causing erroneous
measurements of diastolic pressures.
Importantly, patientswithmorbidobesity
generate tremendous negative inspira-
tory forces during respiratory efforts and
are readily apparent on right-heart pres-
sure tracings; the end-expiratory values
should be used in such cases (Figure
14-13). A pulsus paradoxus becomes
more prominent and is often errone-
ously attributed to other conditions
such as pericardial effusion. The right
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FIGURE 14-7. In contrast to
atrial fibrillation, atrial systoles are
generated with atrial flutter as
shown.

FIGURE 14-8. In patients with atrial fibrillation, the
varying R-R intervals will result in different pressure gradi-
ents with each beat in patients with aortic stenosis. In
addition, systolic pressure will vary and may lead to a false
diagnosis of pulsus paradoxus.

FIGURE 14-9. The varying R-R intervals seen in a patient
with atrial fibrillation and mitral stenosis will result in dif-
ferent transvalvular pressure gradients. Long R-R intervals
will reach diastasis, whereas short intervals are associated
with the greatest gradient.
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atrial, right ventricular diastolic, and
pulmonary artery pressures maybemod-
estly elevated in severe obesity. One study
found approximately one third of obese
individuals to have pulmonary artery sys-
tolic pressure <35 mmHg.4 In addition,
obesity is commonly associated with
obstructive sleep apnea that also causes
pulmonary hypertension.5
Effect of Pulmonary Disease
on Hemodynamics
Pulmonary diseases may profoundly
impact right-heart hemodynamics. This



FIGURE 14-10. Cannon a waves associated with com-
plete AV block in a patient with a pacemaker.

FIGURE 14-11. This patient with known severe left ven-
tricular dysfunction has a permanent pacemaker with only
a ventricular lead and underlying severe sinus node dys-
function with complete heart block. Occasional sinus
beats (arrows) allow for AV synchrony and result in
increased cardiac output, as evidenced by the increase in
systolic pressure.
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has been understood formany years and,
in fact, patients with chronic obstructive
pulmonary disease were among the first
individuals to undergo systematic right-
heart catheterization studies to further
understand the effect of lung disease on
cardiac hemodynamics.6

Alveolar hypoxia increases pulmonary
vascular resistance. Initially, the reason
is vasoconstriction, but, over time, ele-
vations in pulmonary vascular resis-
tance are caused by chronic, structural
changes in the pulmonary vasculature.
Pulmonary hypertension ensues and
leads to right ventricular hypertrophy.
Cor pulmonale is the term used to
describe right-heart failure on the basis
of pulmonary disease and the associated
pulmonary hypertension.
The hemodynamic abnormalities

observed in chronic lung disease vary
widely depending on the nature and
extent of parenchymal damage and
whether or not there is involvement
of the pulmonary vasculature. Pure
emphysema generally requires extensive
parenchymal destruction before pulmo-
nary pressures are elevated. The pulmo-
nary artery pressures may be entirely
normal despite advanced lung disease.6

When pulmonary pressures are elevated,
they generally reach modest levels that
do not usually exceed systolic pressures
of 40–50 mmHg.7 Right atrial and right
ventricular diastolic pressures are typi-
cally in the normal range. Because of
an associated increased inspiratory
effort, there may be more prominent
pressure changes due to respiration than
normally observed, and a pulsus para-
doxus of 12–15 mmHg is not unusual.
Patients who develop cor pulmonale,
however, exhibit more profound hemo-
dynamic abnormalities with marked ele-
vations in pulmonary artery pressure.
Elevations of both right atrial and right
ventricular diastolic pressures reflect
right-heart failure similar to those with
pulmonary hypertension from other
causes (see Chapter 7).
Hemodynamics of Pulmonary
Embolism
The hemodynamic consequences of
acutepulmonary embolismdependupon
both the size of the embolism and the
presence of co-existing heart or lung dis-
ease. Simple mechanical obstruction of
the pulmonary artery fails to explain
the generation of elevated pulmonary
artery pressures in pulmonary embolism.
In fact, interestingly, one of the earliest
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FIGURE 14-12. A, First-degree AV block accentuates the c wave on the right atrial waveform, as shown. B, Individual
waves are labeled.

232 Textbook of Clinical Hemodynamics
reports regarding the hemodynamic con-
sequences of pulmonary embolism
observed that an entire side of the lung
could be removed without raising pulmo-
nary artery pressures above normal.6 This
suggests that neurohumoral effects and
hypoxic vasoconstriction are important
factors conspiring to elevate the pulmo-
nary vascular resistance.7,8

Pulmonary hypertension is observed
in up to 80% of individuals with pulmo-
nary embolism, ranging from mild-to-
moderate elevations (mean pulmonary
pressure of 20–39 mmHg) in about



FIGURE 14-13. Marked respiratory variation on a pul-
monary artery pressure waveform in a patient with mor-
bid obesity. The large negative inspiratory forces are
apparent (arrows).
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one-third of patients to very severe levels
(>60 mmHg) in about 20%.9 The high-
est levels of pulmonary hypertension
are seen in patients with prior cardio-
pulmonary disease. Approximately 70%
of patients with pulmonary embolism
and no prior heart or lung disease have
mean pulmonary artery pressures
>20 mmHg; however, severe pulmonary
hypertension (pulmonary artery mean
pressures >40 mmHg) is not seen in this
group even when extensive pulmonary
embolism is present.10,11 Likely, a nor-
mal right ventricle is unable to acutely
generate very high pressures compared
to one already hypertrophied from
underlying cardiac or pulmonary disease.
It requires a fairly sizable embolism
(obstructing >25% total pulmonary
blood flow) to raise the pulmonary pres-
sure in an otherwise normal individual,
and the larger the embolism the greater
the elevation in pulmonary pressure.
Cardiac output is reduced in nearly all
patients with prior cardiopulmonary dis-
ease, whereas those without prior heart
or lung disease only had decreased
cardiac output in the setting of massive
pulmonary embolism.11
Other hemodynamic findings asso-
ciated with pulmonary embolism in-
cluded tricuspid regurgitation from acute
dilatation of the right ventricle and both
Kussmaul’s sign (elevation of right atrial
pressure with inspiration) and pulsus
paradoxus (inspiratory decrease in sys-
tolic aortic pressure >12 mmHg).12,13

These abnormalities may be transient.
Kussmaul’s sign is likely due to obstruc-
tion to right ventricular outflow that
prevents the forward passage of the aug-
mented volume of blood entering the
right atrium and ventricle with inspira-
tion, thus elevating jugular venous and
right atrial pressures. This same process
bows the ventricular septum to the left,
impairing left ventricular filling and
resulting in a more prominent pulsus
paradoxus.
Use of Hemodynamic
Measurements During the
Evaluation of Peripheral
Arterial Disease
Angiography forms the basis of most
decisions regarding revascularization in
patients with peripheral arterial disease.
This approach is entirely adequate when
the artery under investigation appears
normal or severely stenosed. Not uncom-
monly, however, ambiguous-appearing
lesions on the angiogram with moderate
(50%–70%) narrowing leads to difficult
angiographic interpretation and decision
making. In such cases, measurement of
a translesional pressure gradient pro-
vides useful information regarding the
hemodynamic impact of the lesion.
A translesional pressure gradient can

be measured at the time of angiography
by one of several techniques. The sim-
plest method samples pressure from
the tip of a small caliber (4 French) cath-
eter while the catheter is pulled back



FIGURE 14-14. An example of obtaining a pullback
pressure gradient by using a 4-French catheter placed dis-
tal to a subclavian stenosis (left side). When the catheter is
withdrawn across the lesion, the systolic pressure is noted
to rise by about 40 mmHg (arrow).

FIGURE 14-15. These tracings were obtained in a
patient with a right iliac stenosis. One catheter was posi-
tioned in the descending aorta via the left femoral artery
to measure aortic pressure (arrow) while another catheter
was placed below the stenosis in the common femoral
artery. A 20-mmHg systolic pressure gradient is noted.
Observe also the damped appearance and delayed
upstroke on the femoral artery pressure wave consistent
with a significant stenosis.

FIGURE 14-16. These pressure tracings were obtained
to assess the pressure gradient across a renal artery of
moderate severity. Simultaneous pressure measurements
were obtained from a catheter in the aorta (arrow)
and from a 0.014-inch pressure wire. The gradient is
20–30 mmHg. Note also the variability in the systolic pres-
sure because of the respiratory cycle. For this reason, pull-
back pressures are suboptimal compared to simultaneous
pressures.
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across the stenosis (Figure 14-14). This
method, however, is not ideal because
the pullback technique is subject to beat-
to-beat fluctuations in pressure from
arrhythmia or the respiratory cycle. A
better method involves the measure-
ment of simultaneous pressures from
two catheters positioned on either side
of the stenosis.Whilemore accurate than
the pullback technique, note that the use
of even a small-caliber catheter placed
across the stenosis to measure a pressure
gradient should be interpreted with
care because the profile of the catheter
across the lesion contributes to luminal
obstruction, falsely elevating the gradi-
ent. Methods that avoid this problem
include the positioning of two catheters
on either side of the stenosis by obtain-
ing an additional arterial access site
(Figure 14-15), or use of a very small
diameter (0.014-inch) wire outfittedwith
a pressure transducer near the catheter
tip (i.e., a pressure wire). This arrange-
ment is particularly useful for assessment
of renal artery lesions (Figure 14-16). The
waveform appearance of the pressure
distal to a stenosis typically appears
damped with a diminished peak systolic
pressure and a delayed upstroke (see
Figure 14-15).
Despite the widespread incorporation

of translesional pressure gradients as an
adjunct to angiography for decision
making, the actual cutoff value that con-
stitutes a hemodynamically significant
stenosis is not known and is of some
debate. No consensus is available regard-
ing the choice of the absolute systolic
gradient, the mean gradient or a hyper-
emic pressure gradient. Recently pub-
lished guidelines regarding management
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of peripheral vascular disease suggest that
a mean gradient of 10 mmHg before or
after vasodilators or a peak systolic gradi-
ent of 10–20 mmHg should be considered
a significant gradient.14 Realize that this is
based on little to no data.

Hemodynamic assessment is probably
most helpful in the assessment of
arteries that appear only moderately
narrowed on angiography. One early
study that correlated angiography and
hemodynamics found pressure gradi-
ents >20 mmHg across most lesions
narrowed >75% by angiography but
not across lesions narrowed <50%.15

Arterial lesions that narrowed the lumen
by 50%–75% had a wide spectrum of
pressure gradients, indicating that
hemodynamic assessment is most valu-
able in this group. Measurement of pres-
sure gradients helps not only with
diagnosing a significant stenosis but
also with determining the success of bal-
loon angioplasty or stent implantation
(Figure 14-17). In a study of balloon
angioplasty of the iliac arteries, despite
the appearance of a less-than-perfect
angiographic result, the average peak
systolic pressure gradient decreased from
44 mmHg to 7 mmHg after successful
balloon dilatation and resulted in clini-
cal improvement.16
FIGURE 14-17. Example of a hemodynamic assessment of t
line peak systolic pressure gradient was about 40 mmHg and
In patients with peripheral arterial
disease, the translesional pressure gradi-
ent at rest may not be entirely indicative
of the hemodynamic consequences of
the lesion during exercise when blood
flow is greatly increased. This situation
should be suspected when luminal nar-
rowing is only moderate by angiography
and the pressure gradient at rest is less
than 20 mmHg, but the patient has con-
vincing symptoms with exertion. In such
cases, use of a vasodilator such as nitro-
glycerin may prove useful, as exemplified
in the published case of a patient with
onlymoderate narrowing of the common
iliac artery on angiography with a resting
gradient increasing from 6 mmHg to 22
mmHg with intra-arterial nitroglycerin.17

Pressure gradient determination has
beenmost commonly applied to the eval-
uation of renal artery lesions (Figure
14-18). Early studies used 4-French cathe-
ters to measure the translesional pressure
gradients in renal arteries. However, this
technique is clearly problematic in the
smaller caliber renal arteries because the
catheter profile contributes to obstruc-
tion. One study that used both 4-French
catheters and the unobtrusive 0.014-inch
pressure wire to measure pressure gradi-
ents in the same arterial lesions found
an average systolic pressure gradient of
he results of a subclavian stenting procedure. A, The base-
(B) reduced to about 5 mmHg after stenting.



FIGURE 14-18. These tracings demonstrate the use of a pressure guidewire to assess a renal artery lesion and the result
of an intervention. A, Simultaneous pressure measurements were obtained from a catheter in the aorta and from a 0.014-
inch pressure wire and demonstrates a 30-mmHg peak systolic gradient. B, Intrarenal nitroglycerin was administered and
lowered systolic pressure but did not change the peak systolic gradient. C, Following treatment of the lesion with a stent,
the gradient was eliminated.
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40 þ 46 mmHg by pressure wire com-
pared with 71 þ 52 mmHg by 4-French
catheter, thus clearly overestimating the
systolic gradient, suggesting that the pres-
sure wire is a superior technique for mea-
suring transluminal pressure gradients.18

Some have advocated the use of intra-
renal vasodilator agents to augment the
pressure gradient, although one study
did not find an advantage to use of intra-
renal nitroglycerin.19 Similar to other
peripheral vascular beds, no general con-
sensus is available on the optimal transle-
sional pressure gradient that constitutes
a ‘‘hemodynamically significant’’ renal
artery lesion.20 An elegant study by
De Bruyne et al.21 analyzed the hemody-
namics of varying degrees of renal artery
obstruction created by partial balloon
inflation in the renal artery following a
renal artery stenting procedure. With a
pressure wire, the ratio of pressure distal
to the stenosis created by the partially
inflated balloon (Pd) to pressure in the
aorta (Pa) was compared to renin levels
sampled from the renal vein. Renin levels
rose above normal at a Pd/Pa <0.9 and
correlated with the degree of obstruc-
tion. This valuable information provides
some of the first data that help define a
hemodynamically significant renal artery
lesion.
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The fractional flow reserve concept,
used to assess coronary lesions, has been
applied to renal artery lesions.22 Renal
fractional flow reserve is calculated as
the ratio of the mean pressure distal to
the stenosis tomean pressure in the aorta
during maximal hyperemia. Unlike the
coronary vascular bed, adenosine causes
vasoconstriction in the renal vascular
bed, so this agent cannot be used. Instead,
selective administration of intrarenal
papaverine (24–32 mg) appears safe and
effective for this purpose.22 In a prelimi-
nary study of moderate renal artery
lesions, the procedure was safe and the
mean pressure gradient assessed with a
pressure wire averaged 6 mmHg at base-
line and increased to an average of
18 mmHg. The renal fractional flow
reserve ranged from 0.58–0.95 and corre-
lated poorly with the degree of angio-
graphic stenosis but correlated well with
both baseline and hyperemic gradients.
The cutoff value that represents a signifi-
cant renal fractional flow reserve is
unknown and remains to be determined.
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ventricular pressure/central
aorta pressure in, 87, 87f

senile, 88
severe, 85, 85f, 86f

aortic pressure tracing in, 77f
determination of, 77
pulsus alternans in, 86f
transvalvular pressure gradient

measurement of, 81f
stages of, calculation of, 84–85
supravalvular, 104–106, 105f
valvular, 228f
varying degrees of, calculations of,

78
Aortic valve area, Gorlin’s formula

for
application of, 79, 79f
estimation of, 77–79
limitations of, 58

Aortic valve disease, 88
Aortic valve opening, premature, in

acute severe aortic
regurgitation, 74f

Aortic valve regurgitation, 73–75
acute, 68–70, 69t
angiography in, 73–75
severity grading of, 75t
causes of, 69t
chronic, 68–70, 69t

aorta pressure, central, marked
peripheral amplification in,
71f

femoral artery pressure in,
71f, 72f

chronic severe
elevated right ventricular

pressure in, 72
left ventricular end-diastolic

pressure in, with recent
decompensation, 73f

contrast aortography in, 73–75
hemodynamic findings in, for left

ventricular function, 71–72
left ventricular size in, 69
regurgitant volume in, 75
vasodilators in, 68–69

Apical variant, 101
Arrhythmia
causing shock, 149t
effects, on hemodynamic

measurements, 226–228
Arteriovenous concentration

difference, 38, 46
Artifacts
catheter entrapment, 34, 36f
catheter whip, 35f
flip, 35f
hemodynamic assessment of,

32–36, 32f
overshoot, 33–34, 33f
ring, 33–34, 33f

Atrial bigeminy, 229f
Atrial contraction, 19f
Atrial fibrillation, 229–230,

229f, 230f
chronic, right atrial waveform in,

20, 20f
Atrial flutter, with mitral

regurgitation, 54f
Atrial septal defect, 182

Eisenmenger’s syndrome from,
196f

hemodynamic derangement of,
178

hemodynamic tracings of, 180f
hemodynamics of, 179–181
LVEDP demonstrated in, 180f
nonrestrictive, 179–181
pathophysiology of, 178–179
treatment of, effects, 182

Atrioventricular canal defect, 182
Atrioventricular junction (AV),

block, 20, 21f
first-degree, 232f
with pacemaker, 231f

Automated computer analysis, by
Gorlin’s formula, 79, 80f

Autoregulation, 203f
AV. See Atrioventricular junction
AV-O2, 39
B
Balancing, transducer, 17–18
Balloon pump. See Intra-aortic

balloon pump
Balloon valvuloplasty, in pulmonic

valve stenosis, 114f
Berman catheter, 11f
Bernard, Claude, 2
Bernheim effect, 72
Beta blockers, for hypertrophic

cardiomyopathy treatment,
100

Bigeminy
atrial, 229f
ventricular, 227f

Block
AV, 20, 21f
first-degree, 232f
with pacemaker, 231f

complete heart, 228
Blood flow, 38

coronary, stenosis severity
relationship to, 203f

pulmonary, in cardiac output,
38–39

systemic, 45
Blood sampling, 45f

locations for, in complete
saturation run, 45f
Blood supply, to papillary muscle,
172f

Brockenbrough’s sign, in
hypertrophic
cardiomyopathy, 94–96, 96f
C
Calcific aortic stenosis, 88
Calcium channel blockers, for

hypertrophic
cardiomyopathy treatment,
100

Calibration, of transducers, 17–18
Cannon wave, 228
Carabelli’s sign, 85f
Cardiac catheterization. See also Left-

heart catheterization;
Right-heart catheterization

contraindications for, 14
early, 2, 2f
equipment for, 11–13
first accounts of, 3
protocols, 13–14

in two or more chambers,

28–29

Cardiac catheterization laboratory, 39

hemodynamic assessment in, 1
Cardiac chambers, 125f

physiology, pericardial
constriction and, 137f

respiratory cycle effects of, 126f
Cardiac cycle

electrical/mechanical events
during, timing of, 19f

pressure changes in, 16–17
Cardiac output

determination of

angiographic method of, 43
Fick method for, 38–40
history of, 38
indicator-dilution method for,

40–41
thermodilution method for,

41–43
oxygen consumption in, 39
pulmonary blood flow in, 38–39

Cardiac pressure
changes in, 16–17
early recordings of, 2f

Cardiac transplantation. See Heart
transplantation

Cardiogenic shock. See also Shock
from acute ventricular septal

rupture, post-myocardial
infarction, 151f

aortic waveforms in, 150, 150f
causes of, 149t
diagnostic challenges with, 165
hemodynamics of, 149–152
intra-aortic balloon

counterpulsation in,
152, 152f, 152t, 153f, 154f

intra-aortic balloon pump in,
166f, 166t

pathophysiology of, 148
post-AMI, 164–165
reduced pulse pressure with, 165f
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Cardiogenic shock (Continued)
treatment of, 150–152
"vicious cycle" of, 164–165

Cardiomyopathy.
See also Hypertrophic
cardiomyopathy

constrictive, restrictive v., 143–146,
144f, 145f, 145f–146f

restrictive, 142–146

causes of, 143t
constrictive v., 143–146, 144f,

145f, 145f–146f

Cardiovascular system

functions of, 1
hemodynamics and, 1

Catheter(s)
air bubble in, damping due to, 32f
Berman, 11f
conductance, retrograde

placement of,
cineradiogram of, 220f

dual lumen pigtail, 81, 82f
for hemodynamic assessment, 11f
Langston catheter, 81, 82f
left ventricular, 99–100, 100f
malposition, 34
pigtail, 98f
positioning of, by volume

measurements, 221f
retrograde, 81–83
Swan-Ganz, 11f
types of, 11f

Catheter entrapment artifact, 34, 36f
Catheter pressure waveform, during

coronary angiography,
common causes of, 201t

Catheter whip artifacts, 35f
Catheterization

left-heart

early, 5–6
protocols for, 13–14, 13t
risks of, 14t

protocols for, 13–14
right-heart

early, 5
indications for, 11
protocols for, 13–14, 13t
risks of, 14t

Catheter-tip pressure,
ventricularization of,
199–200, 200f, 201f

Cc. See Coefficient of orifice
contraction

Central aorta pressure
marked peripheral amplification

in, femoral artery pressure
v., in chronic aortic valve
regurgitation, 71f

simultaneous left ventricular
pressure with, 31
in aortic stenosis, 81f, 82f, 83f
with prosthetic valves, 87, 87f
Central aortic pressure waveform,
27–28

with anacrotic notch, 27–28, 27f,
71f

components of, 28
normal, 27–28, 27f
Central aortic pressure waveform
(Continued)

simultaneous, with femoral artery
sheath pressure, 28f

CFL-512 Cardiac Function
Computer, 219–220

Cineradiogram, of retrograde
placement, of conductance
catheter, in left ventricle,
220f

Clinical practice
FFR in, 209–216, 210f
modern, hemodynamic

assessment in, 10–11
Coarctation, of aorta, 186–187

angiogram of, 185f
hemodynamic tracings of, 186f
hemodynamics of, 186–187
imaging of, 184–185, 185f
infants with, 185
pathophysiology of, 184–185
risks after, 186–187
treatment of, effects of, 186–187

Coefficient C, 78
Coefficient of orifice contraction

(Cc), 56
Coexisting aortic regurgitation, 87
Combination pressure.

See Simultaneous pressure
Combustion, 2
Commercially available equipment,

219
Compensatory mechanisms, in

mitral regurgitation, 61–62
Compressive shock, 149t
Computer analysis, automated, by

Gorlin’s formula, 79, 80f
Computer systems

CFL-512 Cardiac Function
Computer, 219–220

for hemodynamic waveforms, 13
Sigma5 conductance computer,

219–220
Conductance catheter, retrograde

placement of,
cineradiogram of, in left
ventricle, 220f

Conductance computer, 219–220
Conductance correction, parallel,

219–220
Congenital heart disease

atrial septal defect, 182
coarctation of aorta, 186–187
Ebstein’s anomaly, 188
Eisenmenger’s syndrome, 196
incidence of, 178
lesion types, 178
peripheral pulmonary artery

stenosis, 194
physiology of, 178
tetralogy of Fallot, 191–192
ventricular septal defect, 183

Constrictive cardiomyopathy,
restrictive v., 143–146,144f,
145f, 145f–146f

Constrictive pericarditis
dissociation pressures in, 141f
effusive-, 141, 142f–143f
Constrictive pericarditis (Continued)
hemodynamics of, causes of,

137–141, 138t
respiratory cycle effects in, 139
treatment of, 139–141
tricuspid valve regurgitation v.,

112–113
ventricular interdependence in,

141f
Constrictive physiology, 137–138,

138t
Contraction
atrial, 19f
Cc, 56
isovolumic, 19f

Contrast aortography, in aortic
regurgitation, 73–75

Cor pulmonale, 231
Coronary angiography, 199
catheter pressure waveform

during, common causes of,
201t

selective, 199
Coronary catheter pressure

waveforms, in coronary
hemodynamics, 199–202

Coronary disease
diffuse, FFR for, 213–214, 214f
multivessel, FFR for, 213f

Coronary flow
coronary stenosis effects on, 203,

203f
reserve, 203–204

Coronary hemodynamics, 202
coronary catheter pressure

waveforms in, 199–202
future directions of, 216–217

Coronary lesions, 237
Coronary physiology, 202
Coronary stenosis, effects, on

coronary flow, 203f, 203
Costs, of equipment, 224
D
Damping
catheter air bubble due to,

32f
common causes of, 201t
effects of, 17f
over-, schematic representation

of, 17f
pressure, 199, 200f
under-, schematic representation

of, 17f
DAO. See Descending aortic

pressure
Decompensation, with chronic

severe aortic regurgitation,
left ventricular end-
diastolic pressure in, 73f

Defects
atrial septal, 182
atrioventricular canal, 182
outlet septal, 182
size of, 179–181
ventricular septal, 183
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Delayed upstroke, in chronic left
ventricular failure, left
ventricular pressure
waveform in, pressure
decay and, 156f

Descending aortic pressure (DAO),
194f

Diastolic dysfunction
in hypertrophic cardiomyopathy,

93, 93f
with ventricular infarction, 167

Diastolic pressure. See also Left
ventricular end-diastolic
pressure

exceeding acute aortic
regurgitation, PCWP in,
with marked left ventricle
elevation, 74f

low, chronic aortic regurgitation
and, coronary perfusion
and, 72–73

pulmonary capillary wedge
gradient between, 55t

during respiratory cycle, 127f
Diffuse coronary disease, FFR for,

213–214, 214f
Dip and plateau, in right ventricular

infarction, 169f
Disopyramide, for hypertrophic

cardiomyopathy treatment,
100

Doppler-derived absolute flow
reserve, 207, 205f

dP/dt, 223, 223f
Dual lumen pigtail catheter, 81, 82f
Dye curve, 48
Dye, indocyanine green, 41, 48
Dynamic obstruction, in

hypertrophic
cardiomyopathy, 94–96, 96f
E
Ebstein’s anomaly, 188
hemodynamics of, 188
in infants, 188
natural history of, 187
pathophysiology of, 187–188
in physical exam, 187–188
treatment of, effects of, 188

Echocardiographic quantification,
of mitral regurgitation, 61t

Effusive-constrictive pericarditis,
141, 142f–143f

Eisenmenger’s syndrome, 179–181,
196

from atrial septal defect, 196f
heart schematic in, 196f
hemodynamics of, 196
pathophysiology of, 194–196
in physical exam, 195–196
treatment of
effects of, 196
phlebotomy for, 196
Equipment
for advanced hemodynamic

assessment, of ventricular
function, 219–220
Equipment (Continued)
for cardiac catheterization, 11–13
commercially available, 219
costs of, 224
in vivo human use of, 223–224
F
Femoral artery pressure, in chronic

aortic valve regurgitation
marked peripheral amplification

in, central aorta pressure v.,
71f

with old porcine aortic valve
prosthesis, 72f

Femoral artery sheath pressure
errors in, 83
simultaneous, with central aortic

pressure waveform, 28f
FFR. See Fractional flow reserve
Fick, Adolph, 38
Fick method, 40f

for cardiac output determination,
38–40

error in, 40
Fixed obstruction, in hypertrophic

cardiomyopathy, 94–96,
95f

Flip artifacts, 35f
Flow reserve. See also Fractional flow

reserve
absolute, 203–204
coronary, 203–204
Doppler-derived absolute,

207, 205f
pressure-derived fractional,

204–207

derivation of, 206f

relative, 203–204
Fluid flow, through stenotic orifice,

76–77, 76f
Fluid-filled systems, 13
Foramen ovale, 178–179
Forssmann, Werner, 3, 4f, 108

early publications, 4
Forward flow, diminished, acute

volume overload and, in
acute aortic regurgitation,
hemodynamic findings in,
73

Fractional flow reserve (FFR),
203–204, 237

for ambiguous lesions, 211f, 212f
clinical applications of, 209–216,

210f
for diffuse coronary disease,

213–214, 214f
gray zone values for, 216
greater than 0.75, outcome of,

211t
hyperemia during, 206–207
ischemic values for, 216
measurement errors with, 209f
for multivessel coronary disease

assessment, 213f
post-stent, 216f
pressure-derived, 204–207
derivation of, 206f
Fractional flow reserve (FFR)
(Continued)

for tandem/sequential lesions,
214, 215f

technique, 207–209, 208f
theory, criticisms of, 216
transducer pressure drift during,

209
at various stenosis severities, 210f,

211f, 215f
Free pulmonary regurgitation, 195f
French femoral arterial sheath, 83f
G
Gorlin’s formula, 77

for aortic valve area

application of, 79, 79f
estimation of, 77–79
limitations of, 58

automated computer analysis by,
79, 80f

mitral valve area calculation
using, 56–59

for pulmonic valve stenosis, 114
SEP in, 79, 79f

Guidewire, 236f
H
Heart block, complete, 228
Heart disease

congenital

atrial septal defect, 182
coarctation of aorta, 186–187
Ebstein’s anomaly, 188
Eisenmenger’s syndrome, 196
incidence of, 178
lesion types, 178
peripheral pulmonary artery

stenosis, 194
physiology of, 178
Tetralogy of Fallot, 191–192
ventricular septal defect, 183

hypertensive, wide pulse pressure
in, aortic pressure tracing
on, with hypertensive heart
disease, 73f

Heart failure. See also Left ventricular
failure, chronic

chronic, pulmonary hypertension
in, 157–159, 159f

left, impact, on right heart failure,
108

left ventricular waveform in, 156f
with mitral regurgitation, 66f
prevalence of, 148
right, left heart impact on, 108

Heart rate, impacting transmitral
gradient, 58f

Heart, schematic of
in Eisenmenger’s syndrome, 196f
with peripheral artery stenosis,

193f
with pressure limited restrictive

ventricular septal defect,
183f
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Heart, schematic of (Continued)
of step-up pulmonary artery

saturation, 181f
of tetralogy of Fallot, 189f
with unrestricted ventricular

septal defect, valvular
pulmonic stenosis, 184f

Heart transplantation
acute rejection of
acute hemodynamic
abnormalities after, 162f

hemodynamics during, 161f
early, reactive pattern in, 161f
hemodynamics of, 159, 160f,

161f, 162f
Hemodynamic abnormalities

acute, after acute heart
transplantation rejection,
162f

of hypertrophic cardiomyopathy,
94–97

in lung disease, chronic, 231
in pericardial effusion, 127–128,

141–142
of subaortic membrane, 104
of tricuspid regurgitation, 110
in tricuspid stenosis, 108, 109f

Hemodynamic assessment
advanced, of ventricular function,

219

equipment for, 219–220
future directions of, 224
indices measured for, 221–223,

222f, 223f
pressure-volume loop for,

220–221
recording methods for, 221
technique limitations of,

223–224
of artifacts, 32–36, 32f
in cardiac catheterization

laboratory, 1
catheters for, 11f
computer systems for, 13
equipment for, 11–13
errors in, 32–36, 32t
goals of, 16
history of, 1–9
of hypertrophic cardiomyopathy,

91
potential pitfalls of, 97, 98f, 99f,

100f
indications for, 10–11
in modern clinical practice,

10–11
of subclavian stenting procedure,

235f
systematic approach to, 19t

Hemodynamic derangement, of
atrial septal defect, 178

Hemodynamic findings
in acute aortic regurgitation,

70–73, 70f

acute volume overload in,

diminished forward flow
and, 73

in aortic stenosis, 84–85
in chronic aortic regurgitation,

70–73, 70f
Hemodynamic findings (Continued)
in constrictive pericarditis,

137–141, 138t
for left ventricular function, in

aortic valve regurgitation,
71–72

from papillary muscle rupture,
173, 174f

from ruptured septum, 170, 171f
of tamponade, 131, 132f
for ventricular septal defect, 183

Hemodynamic measurements
arrhythmia effects on, 226–228
obesity effects on, 228–230
during peripheral arterial disease

evaluation, 233–237
pulmonary disease effects on,

230–231
Hemodynamic monitoring system,

11–13
Hemodynamic tracings

of atrial septal defect, 180f
of coarctation, of aorta, 186f
of left pulmonary artery stenosis,

195f
of peripheral pulmonary artery

stenosis, 194f
of tetralogy of Fallot, 189f, 191f

Hemodynamics
during acute heart transplantation

rejection, 161f
angiography related to, 235, 235f
of atrial septal defect, 179–181
of cardiac function, 1
cardiac transplantation, 159, 160f,

161f, 162f
of cardiogenic shock, 149–152
of coarctation, of aorta, 186
of constrictive pericarditis, causes

of, 137–141, 138t
coronary, 202

coronary catheter pressure

waveforms in, 199–202
future directions of, 216–217

of Ebstein’s anomaly, 188
of Eisenmenger’s syndrome, 196
after heart transplantation, during

acute rejection, 161f
of intra-aortic balloon pump,

165–166
of mitral balloon valvuloplasty, 60
of mitral regurgitation, 62–66, 65f
severe, 65f

of mitral stenosis, 51–55
pacemaker effects on, 231f
of pericardial effusions, 128–133
of peripheral pulmonary artery

stenosis, 193–194
of pulmonary embolism, 231–233
of tamponade, 128–133, 128f,

129f
of tetralogy of Fallot, 190–191
of ventricular septal defect,

182–183
High-fidelity PCWP, 26f
High-fidelity pressure recordings,

221
Hybrid tracing, 34, 36f, 37f
Hyperemia, during FFR, 206–207
Hypertensive heart disease, wide
pulse pressure in, aortic
pressure tracing on, with
hypertensive heart disease,
73f

Hypertrophic cardiomyopathy, 91
Cardiomyopathy

a wave in, 19f
alcohol septal ablation for, 102f,

103f, 104f, 105f
aortic pressure waves in, 94f, 95f
beta blockers for, 100
Brockenbrough’s sign in, 94–96, 96f
calcium channel blockers for, 100
diastolic dysfunction in, 93, 93f
disopyramide for, 100
dynamic obstruction in, 94–96,

96f
fixed obstruction in, 94–96, 95f
hemodynamic abnormalities of,

94–97
hemodynamic assessment of, 91
potential pitfalls of, 97, 98f, 99f,
100f

left ventricular outflow tract
obstruction in, 94, 94f, 95f,
96f, 97f

mitral regurgitation, 92f
noncompliance LV in, 19f
outflow tract obstruction in, 98f,

99f
pathophysiology of, 91–93, 92t
physiologic abnormalities in,

92–93, 92f
post-PVC beat in, 94–96, 95f,

96f, 99f
PVC with, 228f
related conditions to, 104–106
treatment of

alcohol septal ablation in,
98–101

beta blocker use in, 100
calcium channel blocker use in,

100
disopyramide in, 100
effects of, 100–101

Hypovolemic shock, 149t
Hypoxia
alveolar, 231
chronic, in tetralogy of Fallot, 190
I
Iliac stenosis, pressure

measurements in, 234f
Impulse gradient, 75
In vivo human use, of equipment,

223–224
Indicator substance
application technique of, 41
concentration of, 40–41
limitations of, 41

Indicator-dilution method
for cardiac output determination,

40–41
of shunt detection, 48
thermodilution method v., 42,

42f, 43f
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Indices measured, for advanced
hemodynamic assessment,
of ventricular function,
221–223, 222f, 223f

Indocyanine green dye, 41, 48
Infants
with coarctation, of aorta, 185
Ebstein’s anomaly in, 188
tetralogy of Fallot in, 191–192

Inferior vena cava (IVC),
calculations of, 46, 47f

Inflation, timing of, for intra-aortic
balloon pump, 153–154,
153f, 154f

Infundibular stenosis, 114–115
Intervention, in pressure-volume,

222f, 223f
Intra-aortic balloon

counterpulsation, in
cardiogenic shock,
152, 152f, 152t, 153f, 154f

Intra-aortic balloon pump, 153–154,
152f, 153f, 154f

in cardiogenic shock, 166f, 166t
contraindications of, 154
hemodynamics of, 165–166
timing of, 153–154, 153f, 154f,

166, 166f
Intracardiac shunt
full oxygen saturation for, 44–45
screening for, 44–45

Isovolumic contraction, 19f
Isovolumic relaxation, 19f
IVC. See Inferior vena cava
L
LA. See Left atrial pressure
Langston catheter, 81, 82f
Last-drop effect, 123–124,

125f
LCA. See Left coronary artery
Left atrial pressure (LA)
left ventricular simultaneous

pressure with, 31f
PCWP calculation errors and, 56f,

57f
PCWP relationship with, 24f

Left atrial pressure tracing, 180f
Left coronary artery (LCA),

201t
Left heart failure, impact, on right

heart failure, 108
Left pulmonary artery stenosis,

hemodynamic tracings of,
195f

Left ventricular catheter, 99–100,
100f

Left ventricular diastolic pressure,
pulmonary capillary wedge
gradient between, 55t

Left ventricular end-diastolic
pressure (LVEDP), 26–27,
26f, 27f

in atrial septal defect, 180f
in chronic severe aortic

regurgitation, with recent
decompensation, 73f
Left ventricular failure, chronic, 154,
156f, 157f

left ventricular pressure waveform
in, with delayed upstroke,
pressure decay and, 156f

pulsus alternans in,
155–157, 157f

Left ventricular free wall rupture,
post-myocardial infarction,
174–175

classification of, 175
pathology of, 175

Left ventricular function
hemodynamic findings in, in

aortic valve regurgitation,
71–72

marked elevation in, diastolic
pressure exceeding, 74f

obstruction of, 75–76
Left ventricular outflow tract

obstruction, in
hypertrophic
cardiomyopathy, 94, 94f,
95f, 96f, 97f

Left ventricular pressure
central aorta pressure and, 31
combination of, with right

ventricular pressure, 29,
29f, 30f

LA simultaneous pressure, 31f
PCWP simultaneous with, 29–31,

31f

in mitral regurgitation, 64f

in prosthetic valve patient, 87, 87f
Left ventricular pressure waveform,

26–27
a wave in, 27f, 156f
in heart failure, 156f
in left ventricular failure, with

delayed upstroke, pressure
decay and, 156f

normal, 26–27
respiratory variation on, 27f
v wave in, 156f

Left ventricular size, in aortic
regurgitation, 69

Left-heart catheterization
early, 5–6
protocols for, 13–14, 13t
risks of, 14t

Left-to-right shunt, 44
IVC/SVC with, 46

Lesions
ambiguous, FFR for, 211f, 212f
congenital heart disease, 178
coronary, 237
renal artery, pressure

measurements in, 234f,
235–236, 236f

sequential, 214, 215f
tandem, FFR for, 214, 215f

Liver disease, severe pulmonary
hypertension in, 119f

Low aortic diastolic pressure,
chronic aortic regurgitation
and, coronary perfusion
and, 72–73

Low gradient-low-output aortic
stenosis, 85–87
Low-pressure tamponade, 133, 134f
Lung disease, chronic,

hemodynamic
abnormalities in, 231

Lung zones, 24–25, 24f
LVEDP. See Left ventricular end-

diastolic pressure
M
M patterns, in right ventricular

infarction, 168–169
MACE. See Major adverse cardiac

events
Major adverse cardiac events

(MACE), 216f
Marked peripheral amplification, in

central aorta pressure,
femoral artery pressure v.,
in chronic aortic valve
regurgitation, 71f

Mean gradient, 80
Midaxillary line, as zero position,

18
Midcavity obstruction, 98f
Mitral balloon valvuloplasty,

hemodynamics of, 60
Mitral regurgitation

acute, 63, 63f
acute severe, 64, 64f, 65f

hemodynamics of, 65f

atrial flutter with, 54f
echocardiographic quantification

of, 61t
grading severity of, 61t
heart failure with, 66f
hemodynamics of, 62–66, 65f
in hypertrophic cardiomyopathy,

92f
pathophysiology of, 61–62
primary/secondary stages of, 60t
pulmonary artery waveforms

with, 64f
simultaneous pressure in, with

PCWP/left ventricular
pressure, 64f

v wave correlation with, 62–63,
63f, 64f, 66f

Mitral regurgitation, compensatory
mechanisms in, 61–62

Mitral stenosis, 60
a wave appearance in, 52f
causes of, 51t
hemodynamics of, 51–55
pathophysiology of, 50–51
PCWP in, 53–55, 55f
pressure gradient in, 50–51, 53,

53f, 54f

causes of, 55t

pressure tracings of, 52f
rheumatic, pathology of, 51f
y descent in, 53f

Mitral valve area, calculation of,
using Gorlin’s formula,
56–59

Mitral valve disorders
mitral balloon valvuloplasty, 60
mitral regurgitation, 62–66, 92f
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Mitral valve disorders (Continued)
mitral stenosis, 60
prosthetic mitral valves, 59

Multivessel coronary disease,
assessment, FFR for, 213f

Myocardial infarction. See Acute
myocardial infarction

Myocardial oxygen demand, 202,
203
N
Noise, 16–17
Nonrestrictive atrial septal defect,

179–181
O
Obesity

effects, on hemodynamic
measurements, 228–230

fixed, in hypertrophic
cardiomyopathy, 94–96, 95f

pulmonary artery pressure
waveform in, 233f

Obstruction
acquired, 101–104
causing shock, 149t
dynamic, in hypertrophic

cardiomyopathy, 94–96, 96f
of left ventricular function, 75–76
left ventricular outflow tract, in

hypertrophic
cardiomyopathy, 94, 94f,
95f, 96f, 97f

midcavity, 98f
Outflow tract obstruction, in

hypertrophic
cardiomyopathy, 98f, 99f

Outlet septal defects, 182
Over-damping, schematic

representation of, 17f
Overshoot artifacts, 33–34, 33f
Oximetric technique, limitations of,

48
Oxygen consumption

in cardiac output, 39
measurement of, 39–40

Oxygen, myocardial demand of,
202, 203

Oxygen saturation, full, for
intracardiac shunt, 44–45
P
PA. See Alveolar pressure
Pa. See Pulmonary artery pressure
Pv. See Pulmonary venous pressure
Pacemaker, effects, on

hemodynamics, 231f
Papillary muscle

blood supply to, 172f
dysfunction, 60

Papillary muscle rupture, 172f
hemodynamic findings from, 173,

174f
Papillary muscle rupture (Continued)
post AMI, 172–173
post-myocardial infarction,

172–173
risk factors for, 173

Parallel conductance correction
(Vc), 219–220

Parietal pericardium, 123
Parvus, 186
Pathophysiology

of atrial septal defect, 178–179
of cardiogenic shock, 148
of coarctation, of aorta, 184–185
of Ebstein’s anomaly, 187–188
of Eisenmenger’s syndrome,

194–196
of hypertrophic cardiomyopathy,

91–93, 92t
of mitral regurgitation, 61–62
of mitral stenosis, 50–51
of peripheral pulmonary artery

stenosis, 192–193
of right ventricular infarction,

167, 167t
of shock, 148
of tetralogy of Fallot, 188–190
of ventricular septal defects, 182

PCWP. See Pulmonary capillary
wedge pressure waveform

Peak instantaneous gradient, 80
Peak-to-peak gradient, 80
Pericardial anatomy

normal, 123–125
related physiology, 123–125

Pericardial calcification, in
pericardial constriction,
141f

Pericardial constriction, 136, 138f
cardiac chamber physiology and,

137f
pericardial calcification in, 141f
physiology of, 136–137
schematic representation of, 137f

Pericardial disease, causes of, 123,
124t

Pericardial effusion
common symptoms of, 126–127
hemodynamic abnormalities in,

127–128, 141–142
hemodynamics of, 128–133
tamponade and, 125–128

Pericardial reserve volume, 123–124
Pericardial restraint, with ventricular

infarction, 167
Pericardiocentesis, 134–136, 135f
Pericarditis, constrictive

dissociation pressures in, 141f
effusive-, 141, 142f–143f
hemodynamics of, causes of,

137–141, 138t
respiratory cycle effects in, 139
treatment of, 139–141
tricuspid valve regurgitation v.,

112–113
ventricular interdependence in,

141f
Pericardium

functions of, 123–124
parietal, 123
Pericardium (Continued)
pressure-volume relationship for,

125f
Peripheral arterial disease
evaluation, hemodynamic

measurements during,
233–237

translesional pressure gradient in,
235

Peripheral pulmonary artery
stenosis, 194

in adults, 192–193
conditions associated with, 192
heart schematic of, 193f
hemodynamic tracings of, 194f
hemodynamics of, 193–194
pathophysiology of, 192–193
tetralogy of Fallot and, 192, 193f
treatment of, effects of, 194

Phlebostatic axis, 17, 18f
Phlebotomy, for Eisenmenger’s

syndrome treatment, 196
Physical exam
Ebstein’s anomaly in, 187–188
in Eisenmenger’s syndrome,

195–196
Pigtail catheter, 98f
dual lumen, 81, 82f

Pink tet, 190–191
Porcine aortic valve prosthesis,

femoral artery pressure in,
in chronic aortic
regurgitation, 72f

Post-intervention, pressure v., 222f,
223f

Post-PVC beat, in hypertrophic
cardiomyopathy, 94–96,
95f, 96f, 99f

Post-stent FFR, 216f
Potts shunt, 191
Pregnancy, tetralogy of Fallot in,

191
Pre-intervention, pressure v., 222f,

223f
Premature aortic valve opening, in

acute severe aortic
regurgitation, 74f

Premature ventricular beat (PVC),
226

aortic pressure with, 227f
with hypertrophic

cardiomyopathy, 228f
systolic pressure with, 227f
with valvular aortic stenosis, 228f

Pressure damping, 199, 200f
Pressure decay, in chronic left

ventricular failure, left
ventricular pressure
waveform in, delayed
upstroke in, 156f

Pressure gradient
in aortic stenosis
factors in, 76–77
valve flow and, 77

across common mitral valve
prostheses, 59t

left ventricular diastolic,
pulmonary capillary wedge
between, 55t
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Pressure gradient (Continued)
in mitral stenosis, 50–51, 53, 53f,

54f

causes of, 55t

pullback, 234f
in pulmonic valve stenosis,

113–114, 113f
in renal artery lesions, 235–236,

234f, 236f
translesional

measurement techniques for,
233–234

in peripheral arterial disease,
235

transvalvular, measurement of,
80–84, 80t, 81f

in tricuspid valve stenosis,
108–109, 109f

Pressure guidewire, 236f
Pressure measurement
in iliac stenosis, 234f
in renal artery lesions, 234f,

235–236, 236f
table-mounted transducer for,

12f
Pressure tracing
in anaphylactic shock, 151f
aortic
in severe aortic stenosis, 77f
wide pulse pressure on, with

hypertensive heart disease,
73f

ideal, 16–17
left atrial, 180f
of mitral stenosis, 52f

Pressure wire, 80–81, 82f
Pressure-derived fractional flow

reserve, 204–207
derivation of, 206f

Pressure-volume loop
diagram of, 220f
intervention in, 222f, 223f
for ventricular function, advanced

hemodynamic assessment
of, 220–221

Pressure-volume relationship, in
pericardium, 125f

Prosthetic aortic valves, 87
in aortic stenosis, simultaneous

left ventricular pressure/
central aorta pressure in,
87f

left ventricular pressure and, 87,
87f

Prosthetic mitral valves, 59
pressure gradient across, 59t

Pseudoconstriction, 137–138, 139f,
140f

in right ventricular infarction,
169f

Pullback method, 83, 84f
Pullback pressure gradient, 234f
Pulmonary artery pressure (P(a)),

schematic representation
of, 24f

Pulmonary artery saturation, step-
up, superior vena cava
saturation compared to,
180–181
Pulmonary artery stenosis
left, hemodynamic tracings of,

195f
peripheral
in adults, 192–193
angiogram of, 193f
conditions associated with, 192
heart schematic of, 193f
hemodynamic tracings of, 194f
hemodynamics of, 193–194
pathophysiology of, 192–193
tetralogy of Fallot and, 193f,

193f, 192
treatment of, effects of, 194

unilateral branch, 193–194
Pulmonary artery waveforms, 22–23

in mitral regurgitation, 64f
normal, 28–29
in obesity, 233f
respiratory variation in, 23f, 29

Pulmonary blood flow, in cardiac
output, 38–39

Pulmonary capillary wedge, left
ventricular diastolic
pressure gradient between,
55t

Pulmonary capillary wedge pressure
waveform (PCWP), 23–26

a waves in, 23f, 26f
calculations, errors in, 56f, 57f
correlation’s to, 25
diastolic pressure exceeding, in

acute severe aortic
regurgitation, with marked
left ventricle elevation, 74f

high quality

characteristics of, 25
obtaining, 24–25

high-fidelity, 26f
LA relationship with, 24f
left ventricular pressure

simultaneous with, 29–31,
31f

in mitral regurgitation, 64f
mean, 25
in mitral stenosis, 53–55, 55f
normal, 23, 23f
in ventilator patient, 25–26
v waves in, 23f, 57f

Pulmonary disease, effects, on
hemodynamic
measurements, 230–231

Pulmonary embolism
hemodynamics of, 231–233
pulmonary hypertension in,

232–233
pulsus paradoxus in, 233

Pulmonary flow to systemic flow
ratio (Qp/Qs), 179–181,
180f, 181f, 183f

for shunts, 46–48, 47f
Pulmonary hypertension, 115–120

a wave in, 120f, 160f
in chronic heart failure, 157–159,

159f
classification of, 116–117, 118t
in pulmonary embolism, 232–233
pulsus alternans in, 121f
right atrial waveform in, 119, 120f
Pulmonary hypertension
(Continued)

right ventricular pressure
waveform in,
noncompliance in, 121f

right ventricular waveform in,
21–22, 22f

secondary, 117
severe, liver disease in, 119f
with tamponade, 132f
v wave in, 160f
WHO classification of, 118t

Pulmonary insufficiency, 115, 115f,
116f

Pulmonary regurgitation, free,
195f

Pulmonary vascular resistance, 231
Pulmonary venous pressure (P(v)),

schematic representation
of, 24f

Pulmonic valve regurgitation, 115,
115f, 116f

Pulmonic valve stenosis, 113–115
balloon valvuloplasty in, 114f
Gorlin’s formula in, 114
pressure gradient in, 113–114,

113f
valve area calculations in, 114

Pulse pressure
on aortic pressure tracing, with

hypertensive heart disease,
73f

reduced, in cardiogenic shock,
165f

Pulsus alternans
in left ventricular failure,

155–157, 157f
in pulmonary hypertension,

121f
in severe aortic stenosis, 86f

Pulsus paradoxus, 124–125, 126f
accurate measurement of,

130–131
causes of, 130t
in pulmonary embolism, 233
tamponade with, 131f

Pump failure, causing shock, 149t
PVC. See Premature ventricular beat
Q
Qp/Qs. See Pulmonary flow to

systemic flow ratio
Qs. See Systemic blood flow
R
Rapid ejection, 19f
Rapid ventricular filling, 19f
Reduced ejection, 19f
Reduced ventricular filling, 19f
Reflected waveform, 28, 28f
Regurgitant fraction, 75
Regurgitant volume, in aortic valve

regurgitation,
determination of, 75

Relative flow reserve, 203–204
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Renal artery lesions, pressure
measurements in, 234f,
235–236, 236f

Renal fractional flow, 237
Resistance vessels, 202
Respiratory cycle

effects

on cardiac chamber filling, 126f
in constrictive pericarditis, 139

normal diastolic pressures during,
127f

systolic pressures during, 127f
Respiratory variation

on left ventricular waveform, 27f
in pulmonary artery waveforms,

23f, 29
Restrictive cardiomyopathy,

142–146
causes of, 143t
constrictive v., 143–146, 144f,

145f, 145f–146f
Restrictive ventricular septal defect,

182–183, 183f
treatment of, 183

Retrograde catheter, 81–83
Retrograde placement,

cineradiogram of, of
conductance catheter, in
left ventricle, 220f

Revascularization, deferred, 211t
Rheumatic mitral stenosis,

pathology of, 51f
Right atrial pressure tracing, 180f
Right atrial waveform, 20

a wave in, 20f
with chronic atrial fibrillation, 20,

20f
normal, 20, 20f
in pulmonary hypertension, 119,

120f
in tricuspid regurgitation
secondary, 111f
severe, 111f
Right atrium, in right ventricular
infarction, 167

Right heart failure, left heart impact
on, 108

Right ventricular hypertrophy, with
tamponade, 132f–133f

Right ventricular infarction,
166–170

dip and plateau in, 169f
M patterns in, 168–169
pathophysiology of, 167, 167t
pseudoconstriction in, 169f
right atrium role in, 167
treatment of, 169–170
W patterns in, 168–169, 168f

Right ventricular pressure
in chronic severe aortic

regurgitation, 72
combination of, with left

ventricular pressure, 29,
29f, 30f

Right ventricular waveform, 21–22
a wave in, 22f
normal, 21–22, 22f
in pulmonary hypertension,

21–22, 22f
Right ventricular waveform
(Continued)

in pulmonary hypertension,
noncompliance in, 121f

Right-heart catheterization
early, 5
indications for, 11
protocols for, 13–14, 13t
risks of, 14t

Ring artifacts, 33–34, 33f
Risk factors

after coarctation, of aorta,
186–187

for left-heart catheterization, 14t
for papillary muscle rupture, 173
for right-heart catheterization, 14t

Roentgen, Wilhelm, 3, 3f
R-R intervals, 230f
Ruptured septum.

See also Ventricular septal
rupture

hemodynamic findings from, 170,
171f
S
SAM. See Systolic anterior motion
Saturation run, complete, blood

sampling locations for, 45f
Selective coronary angiography, 199
Senile aortic stenosis, 88
SEP. See Systolic ejection period
Septum. See also Ventricular septal

rupture
development of, 178–179
ruptured, hemodynamic findings

from, 170, 171f
systolic ventricular interactions

mediated by, 167
Sequential lesions, 214, 215f
Shock. See also Cardiogenic shock

anaphylactic, pressure tracings in,
151f

causes of, 149t
compressive, 149t
hypovolemic, 149t
pathophysiology of, 148
poor perfusion effects on, 149f
SVR in, 148

Shunt detection, indicator-dilution
method of, 48

Shunt flow, calculation of, 46
Shunt run, 44–45
Shunt size, calculation of, 45–48
Shunts

calculation of, 48
intracardiac, screening for, 44–45
left-to-right, 44, 46
Potts, 191
Qp/Qs for, 46–48, 47f
Waterson, 191

Sigma5 conductance computer,
219–220

Simultaneous pressure
in central aortic pressure/femoral

artery sheath pressure, 28f
left ventricular pressure/central

aorta pressure, 31
Simultaneous pressure (Continued)

in aortic stenosis, 81f, 82f, 83f
with prosthetic valves, 87, 87f

of left ventricular/right ventricular
pressure, 29, 29f, 30f

measurement of, in two or more
chambers, 28–29

with PCWP/left ventricular
pressure, 29–31, 31f

in mitral regurgitation, 64f
Spike appearance, 150, 151f
Stenosis. See also Aortic stenosis
coronary, effects of, on coronary

flow, 203, 203f
iliac, pressure measurements in,

234f
infundibular, 114–115
left pulmonary artery,

hemodynamic tracings of,
195f

mitral, 60

a wave appearance in, 52f
causes of, 51t
hemodynamics of, 51–55
pathophysiology of, 50–51
PCWP in, 53–55, 55f
pressure gradient in, 50–51, 53,

53f
causes of, 55t

pressure tracings of, 52f
rheumatic, pathology of, 51f
y descent in, 53f

peripheral pulmonary artery, 194
in adults, 192–193
conditions associated with, 192
heart schematic of, 193f
hemodynamic tracings of, 194f
hemodynamics of, 193–194
pathophysiology of, 192–193
tetralogy of Fallot and, 192,

193f
treatment of, effects of, 194

pulmonic valve, 113–115
balloon valvuloplasty in, 114f
Gorlin’s formula in, 114
pressure gradient in, 113–114,

113f
unrestricted ventricular septal

defect, 184f
valve area calculations in, 114

rheumatic mitral, pathology of,
51f

severity of
coronary blood flow

relationship to, 203f
varying FFR calculations for,

210f, 211f, 215f
tricuspid valve, 108–109

hemodynamic abnormalities in,
108, 109f

pressure gradient in, 108–109,
109f

unilateral branch pulmonary
artery, 193–194

Stenotic orifice, fluid flow through,
76–77, 76f

Step-up pulmonary artery
saturation, heart schematic
of, 181f
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Subaortic membrane, 104
hemodynamic abnormalities of,

104
Subclavian stenting procedure, 235f
Superior vena cava (SVC)
calculations of, 46, 47f
saturation, pulmonary artery

saturation compared to,
180–181

Supravalvular aortic stenosis,
104–106, 105f

SVR. See Systemic vascular resistance
Swan-Ganz catheter, 11f
Systemic blood flow (Qs), 45
Systemic vascular resistance (SVR),

148
in cardiac shock, 148

Systolic anterior motion (SAM), 92f
Systolic dysfunction, with

ventricular infarction, 167
Systolic ejection period (SEP), in

Gorlin’s formula, 79, 79f
Systolic pressure
with PVC, 227f
during respiratory cycle, 127f

Systolic ventricular interactions,
septum mediated, 167
T
Table-mounted transducer, 12f
Tamponade
advanced phases of, 129–130
characteristic findings in, 130f
hemodynamic findings of, 131,

132f
hemodynamics of, 128–133, 128f,

129f
low-pressure, 133, 134f
pericardial effusions and, 125–128
pulmonary hypertension with,

132f
with pulsus paradoxus, 131f
right ventricular hypertrophy

with, 132f–133f
treatment of, 133–136

Tandem lesions, 214, 215f
Tardus, 186
Tet spells, 190
Tetralogy of Fallot, 191–192
in adult patient, after surgery, 190
chronic hypoxia and, 190
heart schematic for, 189f
hemodynamic tracings of, 189f,

191f
hemodynamics of, 190–191
incidence of, 188–189
in infants, 191–192
pathophysiology of, 188–190
peripheral pulmonary artery

stenosis and, 192, 193f
in pregnancy, 191
treatment of, effects of, 191–192

Thebesian vessels, 44
Thermodilution method
for cardiac output determination,

41–43
errors in, 42–43
Thermodilution method (Continued)
indicator-dilution method v., 42,

42f, 43f
technique for, 41–42
uses of, 43

Three lung zones of the West,
24–25, 24f

Transducer pressure drift, during
FFR, 209

Transducers, 12–13
balancing of, 17–18
calibration of, 17–18
previous types of, 17
table-mounted, 12f
zeroing of, 17–18

Translesional pressure gradient
measurement techniques for,

233–234
in peripheral arterial disease, 235

Transmitral gradient
heart rate impacting, 58f
quantification of, 56f

Transplantation. See Heart
transplantation

Transvalvular pressure gradient
in aortic stenosis
measurement of, 80t
severe, measurement of, 81f

measurement of, 80–84
Treatments

for atrial septal defect, effects of,
182

for cardiogenic shock, 150–152
for coarctation, of aorta, effects of,

186–187
for constrictive pericarditis,

139–141
of Ebstein’s anomaly, effects of,

188
of Eisenmenger’s syndrome,

effects of, 196
for hypertrophic cardiomyopathy
alcohol septal ablation in,
98–101

beta blocker use in, 100
calcium channel blocker use in,

100
disopyramide in, 100
effects of, 100–101

of peripheral pulmonary artery
stenosis, effects of, 194

for restrictive ventricular septal
defect, 183

for right ventricular infarction,
169–170

for tamponade, 133–136
for tetralogy of Fallot, effects of,

191–192
for ventricular septal defect,

effects of, 183
Tricuspid regurgitation. See Ebstein’s

anomaly
Tricuspid valve, normal function of,

110t
Tricuspid valve regurgitation,

109–113
causes of, 110t
constrictive pericarditis v.,

112–113
Tricuspid valve regurgitation
(Continued)

hemodynamic abnormalities of,
110

secondary, right atrial waveform
in, 111f

severe

right atrial waveform in, 111f
venous pressure waveform in,

111f
ventricularization in, 112f

Tricuspid valve stenosis, 108–109
hemodynamic abnormalities in,

108, 109f
pressure gradient in, 108–109,

109f
Tubing, 12–13
U
Under-damping, schematic

representation of, 17f
Unilateral branch pulmonary artery

stenosis, 193–194
Unrestricted ventricular septal

defect, pulmonary valve
stenosis with, 184f
V
v wave, 20

in left ventricular waveform, 156f
mitral regurgitation correlation

with, 62–63, 63f, 64f, 66f
with PCWP, 23f

error calculations for, 57f

in pulmonary hypertension, 160f
Valsalva maneuver, 97f
Valve area, 78. See also Aortic valve

area
calculated, in aortic stenosis, 84
pulmonary valve stenosis with, 114

Valve flow, in aortic stenosis,
pressure gradient factors in,
77

Valve resistance, estimation of, 79
Valvular aortic stenosis, PVC with,

228f
Valvular regurgitation, acute,

causing shock, 149t
Vasodilators, in aortic regurgitation,

68–69
Vc. See Parallel conductance

correction
Venous pressure waveform, in severe

tricuspid valve
regurgitation, 111f

Ventilator patient, PCWP in,
25–26

Ventricular bigeminy, aortic pressure
waveform with, 227f

Ventricular function. See also Left
ventricular function

advanced hemodynamic
assessment of, 219
equipment for, 219–220
future directions of, 224
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Ventricular function (Continued)

indices measured for, 221–223,

222f, 223f
pressure-volume loop for,

220–221
recording methods for, 221
technique limitations with,

223–224

Ventricular infarction. See also Right

ventricular infarction
diastolic dysfunction with, 167
pericardial restraint with, 167
right, 166–170
dip and plateau in, 169f
M patterns in, 168–169
pathophysiology of, 167, 167t
pseudoconstriction in, 169f
right atrium role in, 167
treatment of, 169–170
W patterns in, 168–169, 168f

systolic dysfunction with, 167
Ventricular interdependence, in

constrictive pericarditis,
141f

Ventricular septal defect, 183
categories of, 182
hemodynamic findings for, 183
hemodynamics of, 182–183
pathophysiology of, 182
restrictive, 182–183, 183f
treatment of, effects of, 183
unrestricted, valvular pulmonic

stenosis and, 184f
Ventricular septal rupture

acute, cardiogenic shock from,
post-myocardial infarction,
151f

post-AMI, 170–172, 171f
post-myocardial infarction,

170–172, 171f
Ventricularization

of catheter-tip pressure, 199–200,
200f, 201f

common causes of, 201t
in tricuspid valve regurgitation,

112f
Vessels

multi-, coronary disease,
assessment, FFR for, 213f

resistance, 202
thebesian, 44
Volume measurements, catheter
positioning by, 221f

Volume overload, acute, in acute
aortic regurgitation,
hemodynamic findings in,
diminished forward flow
and, 73
W
W patterns, in right ventricular

infarction, 168–169, 168f
Waterson shunt, 191
Waveforms. See also Pulmonary

capillary wedge pressure
waveform

aortic pressure

in cardiogenic shock, 150, 150f
central, 27–28

with anacrotic notch, 27–28,
27f, 71f

components of, 28
normal, 27–28, 27f
simultaneous, with femoral
artery sheath pressure, 28f

with ventricular bigeminy, 227f
catheter pressure, during coronary

angiography, common
causes of, 201t

characteristics of
normal physiology and, 27–28
systematic approach to, 19t

coronary catheter pressure, in
coronary hemodynamics,
199–202

left ventricular, 26–27
a wave in, 27f
normal, 26–27
respiratory variation on, 27f

left ventricular pressure
in heart failure, 156f
in left ventricular failure, with

delayed upstroke, pressure
decay and, 156f

v wave in, 156f
pressure, generation of, 16–17
proper collection of, 16
pulmonary artery, 22–23
in mitral regurgitation, 64f
normal, 28–29
Waveforms (Continued)

in obesity, 233f
respiratory variation in, 23f, 29

reflected, 28, 28f
right atrial, 20

a wave in, 20f
with chronic atrial fibrillation,

20, 20f
normal, 20, 20f
in pulmonary hypertension,

119, 120f

noncompliance in, 121f

in tricuspid regurgitation
secondary, 111f
severe, 111f

right ventricular, 21–22
a wave in, 22f
normal, 21–22, 22f
in pulmonary hypertension

patient, 21–22, 22f
WHO. See World Health

Organization
Wide pulse pressure, on aortic

pressure tracing, with
hypertensive heart disease,
73f

Wood units, 116
World Health Organization

(WHO), classification, of
pulmonary hypertension,
118t
X
x descent, 20, 20f, 21f
Y
y descent, 20, 21f
in mitral stenosis, 53f
Z
Zero position, 17, 18f
midaxillary line as, 18

Zeroing, 12–13
of transducers, 17–18
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