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Preface to the Fourth Edition

ALTHOUGH THERE have been few fundamental changes in the field of phono-
cardiography since the last edition, improved diagnostic accuracy has been
made possible through more extensive correlation of sounds and pulses both
with intracardiac events and with simultaneous use of advancing understanding
of the basic mechanisms of sound production as related to valvar events, e.g.,
first heart sound splitting and ejection sounds.

In recent years, systolic and diastolic time intervals have been studied so
extensively that I have reviewed them in a newly created chapter (11). In that
chapter, I have emphasized practical use of these intervals in assessment of
valvar and myocardial diseases.

The text has been updated throughout, with deletion of material no longer
considered clinically important and with addition of newer, more useful infor-
mation. Illustrations have been replaced where technically better ones have
become available.

I wish to acknowledge the valuable assistance given me by Mr. John Joseph,
former Electronics Engineer at Krannert Institute of Cardiology, and by Mr.
Francis Andries, Engineer and President, Heart Sound Reproductions, Austin,
Texas, in the preparation of much of the technical information concerning the
underlying principles of sonic phenomena and their recording. I also wish to
thank Dr. Charles Fisch, Director, Cardiovascular Division, and the late Dr.
John Hickam, former Chairman, Department of Medicine, Indiana University,
for their generous support and encouragement. The Department of Medical
Illustration, Indiana University, deserves special thanks for aiding in the prep-
aration of most of the illustrations used in this book. I am indebted to Mrs.
Ronald Stewart, Phonocardiographic Technician, who recorded most of the
following tracings and provided clerical assistance in the preparation of this
manuscript. Finally, I am indebted to the scores of readers, who, through their
interest in previous editions, have permitted me to continue the inevitable pro-
cess of self-improvement that comes with each revision.

The work involved in preparing all editions of this book was supported by
the Herman Krannert Fund, Marion County General Hospital, and by U.S.
Public Health Service Training Grants 5363 and H-6303.

MorTON E. TAVEL, M.D., F.A.C.C., FA.C.C.P., F.A.C.P.
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Preface to the First Edition

DURING THE PAST TWENTY YEARS, phonocardiography has burgeoned into a
full-fledged scientific discipline. The technique of external pulse recording, al-
though it has been used and studied for a relatively long time, also has acquired
a new significance, resulting from its more exact correlation with internal
hemodynamic events and from its relatively new applicability of providing ref-
erence tracings for the phonocardiogram. Similarly, cardiac auscultation has
undergone a tremendous upheaval, much of which has been fostered by the
improved graphic techniques. For reasons which are entirely justified, auscul-
tation remains in the foreground of attention and popularity, and graphic tech-
niques have been relegated to a secondary position. Unfortunately, however,
most books refer to phonocardiography only as a tool for displaying phenom-
ena which can be appreciated by cardiac auscultation, with the result that usu-
ally no serious attempt is made to present phonocardiography as a science in
itself. Possibly for this reason, there has been little attempt to summarize cur-
rent knowledge about the phonocardiographic technique, and particularly about
the relationship between the phonocardiogram and the various pulse tracings
used for reference. How does one use the graphic techniques to predict hemo-
dynamic events within the heart? What equipment does one need? How can
the practicing physician make the best use of his present equipment to acquire
specific information about a given patient? In the following pages, I have at-
tempted to answer these questions and to summarize current ideas and infor-
mation about phonocardiography.

This book is aimed primarily at the physician or student wishing to acquire
a working knowledge of the technique and present-day applicability of graphic
recordings. It is also aimed at those who wish to learn to interpret these re-
cordings. Hopefully, it will help the individual who wishes to broaden his
understanding of the principles of cardiac auscultation. The presentation in this
book presupposes, however, a certain basic knowledge of cardiac auscultation
and fundamental hemodynamic concepts, such as that which is usually ac-
quired in the early years of medical school.

MORTON E. TAVEL, M.D.

ix



Contents

PREFACE TO THE FOURTH EDITION. . . . . . . . . . . . vi

PREFACE TO THE FIRST EDITION . . . . . . . . . . . . . ix

1/ Introduction . . . . . . . . . . . . . . . ... o1

2 / Basic Principles of Sound and Pulse Recording 5

The Concept of Wave Formation. 5

Registration of Waves. 6

Wave Frequency. 7

Wave Intensity 8

Wave Production in the Cardlovascular System 8

Filtration of Waves. & ¥ 3 10

Characteristics of Human Perceptlon T I

Effect of Ordinary Stethoscopes . . . s s s omomoe s owom 19

The Aims of Wave Filtration in Sound Recordmg T

“Time Constant’’ of a Recording System . . . . . . . . . . . . 17

The Recording Equipment . . . . . . . . . . . . . . . . . . 19

The Microphone . . . . . . . . . . . . . . .. .. ... 19

The Amplifier. . . . )

Technique of Wave Reglstratlon ik s owmow & s s owmow 8 o5 s ow 20

Galvanometer. . . . . . . . . . . . . . . .o o2

Cathode-Ray Tube . . . . . . . . . . . . . . . . . . . . 22

Methods of Displaying Waves. . . . . . . . . . . . . . . . . 22

3 / The Basic Laboratory Setup and Technique of Recording. . . . 24

Room Conditions . . . . . . . . . . . . . . . . . . ... 24

Use of Multiple Channels . . . . . . . . . . . . . . . . . . 24

Oscilloscope . . P e mom e r m omom n e mow w2

Paper Processing and Specd : @ P .
Pickup Devices and Technique of Applymg Mlcrophones

for Sound Recording . . . |

Pickup for Indirect Carotid Pulse v B B om e o B ow om a oa om 2

Indirect Jugular Pulse Recording . . . . . . . . . . . . . . . 28

xi



4 / Normal Sounds and Pulses: Relationships and Intervals
Between the Various Events

Contents

The Apexcardiogram .

Routine Phonocardiographic and Pulse Recordmg Procedures .

The Use of Pharmacologic Agents .
Amyl Nitrite .
Isoproterenol (Isuprel)
Phentolamine (Regitine) .
Vasopressors .

Isometric (Handgrip) ExerCISe

Prompt Squatting

Valsalva Maneuver.

Hypoxemia. .

Adjustment of Recordlng Sensmvnty

Required Personnel.

Normal Sounds .
First Heart Sound
Second Heart Sound
Third Heart Sound . .
Murmurs in the Normal Individual . .
The Use of Two or More Simultaneous Recordmg Sltes
for Accurate Identification of Sounds .
Normal Pulses and Their Relationship to Heart Sounds
Carotid Pulse .
Jugular Pulse .
The Apexcardiogram .
The Echocardiogram .
Electrocardiogram .
Summary of Interrelatlonshlp Between Sounds and Pulses

5 / Abnormalities of the Heart Sounds (Transients) .

First Heart Sound
Changes of Intensity
Increased Intensity .

Reduced Intensity

Abnormally Wide Spllmng
Reversed (Paradoxical) Sphttmg .
Q-1 Interval .

Ejection Sound (E_]ecuon Clnck)
Pulmonary Ejection Sound .
Aortic Ejection Sound.

Middle and Late Systolic Sound%

Second Heart Sound

30
32
34
34
34
34
35
35
36
36
36
36
38

39

39
39
45
49
51

52
53
53
63
66
69
72
74

75

75
75
75
76
80
81
83
85
90
93
94
100



Contents xiii

Abnormally Wide Splitting . . . . . . . . . . . . . . . . . 100
“‘Fixed'” Splitting . . . e (0]
Reversed (Paradoxical) Splnmng ¢ s o= ow o o8 § v % b o§ 5 & = g HOF
Increased Intensity . . . . . . . . . . . . . . . . . . . . 110
Reduced Intensity . . . . . . . . . . . . . . . . . . . . 110
Opening Snap. . . T B
Interval from A2 to Opemng Snap (2—OS) s 5 3 & wom s s wom s« LIS
Differentiation of Opening Snap From Other Sounds . . . . . . . 119
“Tumor Plop™ . . . e A I .
Third Heart Sound (Protodlastohc Gallop) O §7)
Pericardial Knock . . . s s w5 5 o3 omowow v o3 & ow ¢ 127
Other Early or Mid- Dlastohc Sounds R o ... 128
Fourth Heart Sound (Presystolic Gallop, All‘ldl Gallop) s s s o2 omow o 130
Summation Gallop . . . . . . ... ... .. 136
6/Murmurs . . . . . . . . . .. ..o 139
Etiology of Murmurs . . . v s ow owm s ¢ ¢ mom 3 s 139
Transmission Characteristics of Mum]urq . 0]
Classification of Murmurs . . . . . . . . . . . . . . . . . . 140
Systolic Murmurs . . . . . . . . . . . . . . . . . . . . 140
Diastolic Murmurs . . . $ ¥ s om o m o m o5 s s & m ¢ 3 102
Continuous and Extracardiac Murmurs B £-]

7 / Special Methods of Differentiation Between the Different

Types of Murmurs and Sounds . . . . . . . . . . . . . . . 188
Effect of Respiration . . . . . . . . . . . . . . . . . . . . 188
Valsalva Maneuver. . . . . . . . . . . . . . . . . . . . . 18
Cycle Length . . . . . f som oE 8 o om o8 8 s wom owes » 190
Isometric (Handgrip) Exercnse T 0]
Prompt Squatting . . . . . . . . . . . . . . . . . . ... 192
Hepatic Pressure. . . . . . . , . . . . . . . . . . . . . .19
Induced Hypoxia . . . i 5 58 @ o@m & & w 192
The Use of Pharmacologic Agents in Dldgnosls B X

8 / The Carotid Pulse Tracing: Its Clinical Application . . . . . . 204
Reference for the Phonocardiogram. . . . e . ... 204
Identification of the First and Second Heart Sounds . 7
Identification of Ejection Sound . . . . . ... 204
Identification of the Components of the Second Hearl Sound o o ow » 205
Contour Analysis of Carotid Pulse . . . . . . . . . . . . . . . 205
Valvar Aortic Stenosis . . .. 206

Hypertrophic Obstructive Cardlomyopathy (ldlopathlc Hypertrophlc
Subaortic Stenosis, Muscular Subvalvar Aortic Stenosis) . . . . . 214

Mitral Insufficiency. . . . . . . . . . . . . . . . . . . . 215



xiv Contents

Pulsus Bisferiens.

Dicrotic Pulse. .
Peripheral Arterial Sphygmograms ,
Supravalvar Aortic Stenosis.

9 / The Apexcardiogram: Its Clinical Application.

Reference for the Phonocardiogram .
Identification of the Fourth Heart Sound (Atndl Gallop)
Relationship to Mitral Opening Snap .
Differentiation of Mitral Opening Snap From Left Ventncular
Third Heart Sound . .
Identification of Summation Gallop
Relationship of ACG to the Second Heart Sound
Relationship of ACG to Electrocardiographic QRS .
Relationship of ACG to the First Heart Sound Complex
Reference for Other Graphic Modalities .
A Wave .
Patterns of DlaSIOlIC Ventncular Flllmg
Systolic Events .
Calibration and leferentmtlon of the Apexcardlogram
Pulsations Overlying the Right Ventricle .

10 / The Jugular Pulse Tracing: Its Clinical Application .

Reference for the Phonocardiogram . ;
Morphologic Changes of the Jugular Pulse in Dlsease States
Large A Wave
X Descent . .
V Wave Abnormalmes
Y Descent and H Wave
Absence of Venous Pulsations.
Calibration of the Venous Pulse .
The Jugular Pulse in Cardiac Arrhythmlas

11 / Systolic and Diastolic Time Intervals.

Systolic Time Intervals .
Indirect Measurement of Isovolumetrlc Contractlon ;
Ejection Time.

Duration of Electromechamcal Systole (Q A2 Interval)
Interrelationships Among Pre-ejection Period, Ejection
Time and Total Systole
, Other Systolic Measurements . .
Summary and Comments Regarding Systohc Tlme Intervals

Intervals Following the Second Sound (Isovolumic Relaxation, etc. )

. 215

218
219
223

. 224
. 224

224
226

226
227
227
227

. 228

229
230
234
238
244
247

. 253

253
256
256
257
257
263
269
270
271

. 279

279

. 279

283
288

289
295
295
296



Contents

12 / Phonocardiographic and Pulse Findings in Normal
and Abnormal Prosthetic Valves (With
Echocardiographic Correlation) .

Ball and Cage Valves . a

Replacement of Aortic Valve .

Replacement of Mitral Valve . ’
Tricuspid and Multiple Valve Replacement

Caged Disc Valves .

Tilting Disk Valves.

St. Jude Valve

Tissue Valves.

13 / Phonocardiographic and Pulse Changes in Specific
Cardiovascular Diseases .

Diseases of the Valves and Their Associated Orifices .
Valvar Aortic Stenosis
Muscular Subaortic Stenosis (Idlopathlc Hypertrophlc Subaomc
Stenosis, Hypertrophic Obstructive Cardlomyopathy)
Discrete Subvalvar Aortic Stenosis .
Supravalvar Aortic Stenosis
Insufficiency of Aortic Valve .
Mitral Stenosis
Mitral Insufficiency
Tricuspid Stenosis .
Tricuspid Insufficiency
Tricuspid Atresia ;
Ebstein’s Anomaly of Tncuspld Valve
Pulmonary Stenosis.
Pulmonary Insufficiency .
Abnormal Communications in the Heart and Greal Vessels ”
Atrial Septal Defect—Ostium Secundum .
Atrial Septal Defect—Ostium Primum .
Partial Anomalous Pulmonary Venous Dramage
into the Right Atrium . s
Total Anomalous Pulmonary Venous Drdmage
into the Right Atrium .
Ventricular Septal Defect
Patent Ductus Arteriosus .
Ruptured Sinus of Valsalva.
Persistent Truncus Arteriosus .
Transposition of the Great Vessels . .
Corrected Transposition of the Great Vessels
Combined Valvar and Communication Anomalies
Tetralogy of Fallot .

XV

. 300

302
302
304

. 306

307
307
308
309

. 312

312
312

314

. 316

316
317
318
319
320
320
321
321
323
324
324
324
325

326

326
326
327
328
328
330
330
330
330



Contents

Diseases of the Blood Vessels.
Coarctation of the Aorta . %
Peripheral Pulmonary Artery Stenosm .
Pulmonary Arterial Banding Procedures .
Idiopathic Dilatation of the Pulmonary Artery .
Primary Pulmonary Hypertension.
Systemic Arterial Hypertension . .
Diseases of the Pericardium and Myocardlum ;
Constrictive Pericarditis .
Acute Pericarditis
Coronary Artery Disease .
Left Ventricular Aneurysm .
Diffuse Myocardial Disease (Cardlomyopathy)
Miscellaneous Cardiovascular Diseases
Myxoma of Left Atrium .
Myxoma of Right Atrium
Pulmonary Heart Disease (Cor Pulmonale)
Funnel Chest and Straight-Back Deformities
Coronary Artery Fistulas and Stenosis .
Sounds Related to Artificial Pacemakers .

Sounds Produced by Balloon Circulatory Assist Dev1ces .

Clinical Applications .
References

Index

331
331
332
332
332
333
333
333
333
334
336

337

337
339
339
340
340
340
341
341
342
343

. 387
. 419



1 Introduction

PHONOCARDIOGRAPHY MAY BE DEFINED as the graphic representation of the
sounds that originate in the heart and great vessels. These sounds may be
picked up from the surface of the body or, more directly, by placing a suitable
apparatus within the heart or vascular structures where sound originates. In this
book, we shall be concerned exclusively with the sounds as they are recorded
from the body’s surface, corresponding to what the clinician hears through an
ordinary stethoscope at the bedside. As we shall see, external pulse recording
is closely allied with sound recording and might be classified as an extension
of phonocardiography. By external pulse recording, we mean the graphic rep-
resentation of pulsations as they occur on the surface of the body, and the
record so obtained usually corresponds to what the clinician sees or feels during
an ordinary examination. The term ‘‘mechanocardiography’’ is occasionally
used to signify the registration of these latter pulsations.

Sound and pulse recordings are not—and probably never will be—a substi-
tute for the ear or the hand. The human ear generally is far more sensitive and
discriminating than a machine. Although many murmurs and sounds can be
accurately characterized by phonocardiography, this technique occasionally
fails completely to register certain sounds, such as the soft, high-pitched mur-
mur of aortic insufficiency, that are heard by the clinician. Advances in phono-
cardiographic equipment have, however, improved recording sensitivity enough
to render graphic records potentially comparable to—or even better than—the
ear (Sakamoto, 1982). The phonocardiogram makes possible the accurate tim-
ing of sounds and events—often with the use of simultaneous reference pulse
curves—that are too rapid or too subtle to be discerned by our senses. Graphic
recording also provides a permanent objective record of events with which sub-
sequent comparison may be made. Such records are especially valuable in fol-
lowing a patient’s progress and in evaluating the results of surgery. Thus, al-
though there is considerable overlap between what can be learned by careful
physical examination and by phonocardiographic techniques, each of them can
supply information not otherwise obtainable. Obviously, it is impossible to to-
tally divorce the two approaches from one another. In the following pages,
however, I wish to concentrate heavily on the areas in which the graphic tech-
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2 Clinical Phonocardiography

niques are especially useful. To present a complete picture, however, I shall
discuss briefly, where pertinent, many fundamentals of clinical auscultation.

The role of sound and pulse recording as a teaching device cannot be over-
emphasized. These graphic techniques should be utilized freely in teaching cen-
ters, since they allow the student to analyze carefully, at his leisure, the graphic
representation of what he sees, hears and feels. Having made the correlation
between sensory perception and graphic representation, he can then return to
the bedside and reconstruct each time in his mind’s eye how each perceptual
phenomenon would appear if it were graphically recorded. As this process is
repeated over and over, the student becomes progressively more accurate in
predicting the graphic appearance, and his need for making such records is
correspondingly reduced. It is in this fashion that many of the recent advances
in cardiac auscultation have come about. It was not until accurate elucidation
of many sounds and murmur characteristics became possible through graphic
recording that clinicians went back to the bedside and discovered—probably
much to their surprise—that one actually could hear and feel many of the
changes described!

Cardiac catheterization and cineangiocardiography, which have provided an
accurate diagnosis of both right- and left-heart abnormalities, have added a new
dimension to the usefulness of the phonocardiogram and external pulse record
in assessing the presence and severity of cardiovascular abnormalities. Al-
though cardiac catheterization generally provides the decisive evidence of the
presence and severity of cardiac abnormalities, the external recordings correlate
sufficiently well with the internal findings for them to serve, in many instances,
as diagnostic tools per se. In this connection, phonocardiography often provides
information complementary to that obtained by echocardiography. Once the
physician has learned to recognize these correlations, he will be able to predict,
with reasonable accuracy, many intracardiac events that were previously unrec-
ognized or uncertain. With this enhanced diagnostic accuracy, he can use the
simpler and less painful external techniques to determine when a patient needs
more extensive cardiac diagnosis of treatment. Even in those instances where
cardiac catheterization is deemed necessary, the knowledge gained beforehand
through phonocardiography and other noninvasive studies can lead to much
more efficient and fruitful invasive study. For instance, proper invasive mea-
sures to elucidate a lesion, such as hypertrophic subaortic obstruction, with
careful pull-out pressure determinations and pharmacologic provocative maneu-
vers will not be overlooked.

In summary, then, the purpose of phonocardiography and pulse recording is
threefold: (1) to serve as a teaching device for training and disciplining the
senses of sight, touch and hearing; (2) to provide information about underlying
hemodynamic events that is not obtainable through physical examination; and
(3) to provide a permanent objective record of events with which subsequent
comparison may be made.



Introduction 3

In this book, I have attempted to approach the subject as the phonocardiog-
rapher does in assessing each individual record. He is usually presented with a
complex array of sounds, murmurs and pulses and is called upon first to iden-
tify what each of these recorded phenomena represents, and then to explain
their meaning in terms of their relationship to underlying hemodynamic events.
Finally, he must ascertain their importance in the differential diagnosis and in
assessing the severity of any lesion known to be present. I have, therefore,
treated the subject primarily from the standpoint of analyzing each sound and
pulsatory phenomenon, and only in the final pages are the various principal
disease entities dealt with—this latter section being designed to serve as a brief
summary and point of reference. At the end, a chapter of interpretative exer-
cises for the reader, consisting of unidentified tracings, has been appended—
each tracing being followed by the author’s discussion and diagnosis. It should
be understood that differential diagnostic features are discussed primarily from
the standpoint of these graphic techniques. No serious attempt is made to com-
pare the relative value of these techniques with other clinical, laboratory or
roentgenologic tools. For example, certain conditions may be more easily dis-
tinguished from one another by means of other methods (echocardiograms,
etc.) and the phonocardiograms would be of secondary value. Nevertheless,
this does not obviate the need for careful analysis of these latter records when-
ever possible, in much the same fashion that a chest roentgenogram does not
eliminate the need for careful physical examination of the chest.

For the sake of brevity, I have avoided long discussions of controversial,
theoretical or nonclinical subjects. Where disagreement of uncertainty exists,
this has been acknowledged, and I have attempted to fill the void in some
instances by expressing my own theories and opinions, with appropriate notice
that this has been done. For the interested reader, I have included selected
references that support many of the conclusions herein described. I have em-
phasized more recent publications simply because the older literature already
has been well reviewed by McKusick (1958) and Ongley et al. (1960). Besides,
the more recent publications generally make reference to the literature pub-
lished previously on the same and related subjects. Detailed electronic princi-
ples underlying the techniques discussed in the book have been simplified con-
siderably and appropriate references are listed.

The following is a list of the principal abbreviations used in the illustrations
in this book.*

1. ... ... ... . . . first heart sound
2. .. .. .. ... .. .second heart sound
A2 . . . . . . . . . . . aortic component of second heart sound
P2 . . . . . . . . . . .pulmonary component of second heart sound

*These symbols deviate partially from those recommended by the International Subcommittee
on Nomenclature in Phonocardiography (Holldack and Luisada, 1965).



