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Preface

The object of this revised edition is to
present recent developments and bring the
subject of clinical disorders of the heart beat
up-to-date. This subject has been the center
of intensive activity in the past decade, in
both the fields of clinical and basic research.
Because of recent developments, arrhythmias
have assumed a more mmportant role in
clinical medicine. This greater emphasis has
resulted from the increased use of long-term
monitoring devices, which have disclosed the
presence of arrhythmias during various por-
tions of the day; the marked degree of dis-
ability that can accompany arrhythmias; the
development of additional antiarrhythmic
agents, both for prophylaxis and active
treatment; the prognostic importance of the
presence of arrhythmias, particularly as a
cause of sudden death; and the significant
contribution of arrhythmias to the morbidity
and mortality of patients during the acute
stage of myocardial infarction in both the
prehospital and the hospital phase.

Advances have been made in the develop-
ment of diagnostic methods for the recog-
nition and specific identification of various
types of arrhythmias, such as the use of
intracardiac electrocardiography, the His
bundle electrogram, and Doppler ultrasound
techniques. Long-term monitoring devices
and the introduction of miniaturized equip-
ment that can be carried by the subject dur-
ing daily activities are invaluable aids in the
diagnosis of various arrhythmias when the
usual methods are unavailable.

The development of coronary care units
has added materially to our knowledge of the
incidence and significance of various arrhyth-
mias and their therapeutic implications. The
chapter dealing with myocardial infarction
has been expanded to incorporate a section
on sudden death.

Much new knowledge has been obtained
on the electrophysiology and genesis of
cardiacarrhythmias. This has entailed study
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of the monophasic action poteatials of each
of the different types of cells in the heart,
and the study of the electrogram and the
various structures involved with intracardiac
conduction, particularly various portions of
the A-V transmission system, ysing sophis-
ticated techniques of histopathology, electron
microscopy and electrophysiology. The
more recent concepts of atrial flutter and
fibrillation, paroxysmal junctional tachy-
cardia are discussed. = The various pre-
excitation syndromes are reviewed; the newer
approaches to therapy, including the present
status of the surgical interruption of the
accessory pathway, are presented.

An attempt has been made to correlate the
anatomic and electrophysiologic basis of
the various arrhythmias with the clinical and
hemodynamic manifestations together with
a rational approach to therapy.

Although recent pharmacologic advances
and techniques have resulted in the discovery
of few clinically significant new drugs, the
site of action, limitations in the use and the
production of toxic effects of the well-known
antiarrhythmic agents have been clarified.
The older and more commonly used drugs—
namely, sympathomimetic amines, sympa-
thetic blocking agents, quinidine, procaine
amide, and digitalis—have been reviewed in
the light of these developments. A new
section has been written for each of the few
new drugs that have proved to be valuable
(e.g., lidocaine, diphenylhydantoin, and beta-
blocking agents).
~ The chapter on pacemakers has been re-
written and updated. This includes the dis-
cussion of the different types of pulse genera-
tors (fixed rate, atrial-triggered, demand,
and standby) and considerations involved in
choosing a particular type for the individual
patient. The indications for their use have
been amplified to include bradyarrhythmias
and other states predisposing to complete
A-V heart block and syncopal episodes, as
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well as their recent employment for con-
trolling tachyarrhythmias.

An important problem in therapy is the
relative indication for a specific therapeutic
modality in a given situation; that is, which
drug or electronic device has priority. By
discussing such considerations in some detail,
an attempt has been made to clarify these
and similar problems. Where controversies
exist, I have endeavored to discuss the
various viewpoimts and the present status of
the problem.

The format has been revised, and the book
has been divided into six sections: The intro-
duction, Section 1, includes anatomic, physi-
ologic and hemodynamic considerations;
Section 2, the individual arrhythmias, their
incidence, diagnosis, therapy and prognosis;
Section 3, general diagnostic procedures;
Section 4, the arrhythmias that might be
encountered in various clinical states and
during various diagnostic procedures; Sec-
tion 5, chapters on the antiarrhythmic drugs
which include a discussion of their pharma-
cologic effects, indications, administration,
and toxicity; Section 6, the peimary proce-
dures in therapy other than drugs (ie.,
carotid sinus pressure, artificial pacemakers,
defibrillation, and countershock).

Most of the chapters from the previous
edition have been completely rewritten;
others have been extensively revised and
brought up-to-date. New figures have been
added that illustrate the more current con-
cepts, and the legends of previous figures
have all been revised in the interest of clarity.
The bibliography at the end of each chapter
has been amplified to include important re-
cent references relating to the various sub-
jects discussed. Box-form summaries of
salient featwres are included. The glossary
has been amplified and revised.

In the preparation of this book, I have
endeavored to keep in mind the interests of
the medical student, the imternist, and the
cardiologist.

I particularly wish to thank Richard
Devereux and Leonard N. Horowitz, for
their tireless effort in gathering recent material
and participating in the numerous revisions
of various portions of the text. I wish to
thank Alvin Heller and Paul Ginsberg for
their cooperation in various stages of the
preparation of the manuscript.

I acknowledge the assistance of Dr. Otto
Muller in the preparation of this revision,
and Dr. Jaroslav Jedlicka of Czechoslovakia,
who provided much constructive criticism of
portions of the chapters dealing with the
individual arrhythmias and electrocardio-
grams. I also wish to thank the Foundation
for Cardiovascular Research for its assistance
in the completion of this volume.

I am especially indebted to Dr. Domingo
Aviado for review of portions of the text
and for the preparation of the index.

I am grateful to Maurice Freedman, Esq.,
for his enthusiastic and meticulous care in
going over the proofs, and Miss Harriet
Beilowitz and Mrs. Evelyn B. Shaffer, for
their secretarial help in the preparation of
the manuscript and illustrations.

I wish to extend to the publisher, Lea and
Febiger, and their staff, Mr. R. Kenneth
Bussy, and Mr. Thomas J. Colaiezzi, my
sincere appreciation for their patience and
kelp in the preparation of this book. I am
particularly indebted to Mrs. Dorothy A.
DiRienzi for her outstanding work and
assistance in editing various portions of the
manuscript.

SAMUEL BELLET, M.D.
Philadelphia, Pa.
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CHAPTER 1
Anatomy

General Considerations
History
Normal Anatomy
S$-A Node
Afria )
A-Y Junction, Bundle of His, Right and Left Bundle
Branches, and Purkinje Fibers
Biood Supply

GENERAL CONSIDERATIONS

Anatomic concepts have been revised in
recent years, not only from the standpoint of
“anatomy’’ per se, but as a result of studies
in histology, electron microscopy, histochem-
istry, physiology, and pathology. The result
of these new correlations has been a clearer
understanding of the function of various
anatomic structures; this has helped consid-
erably in the study of the propagation of the
normal cardiac impulse and the genesis of
arrhythmias. Moreover, there is an intimate
relationship between the anatomy, especially
that of pacemaker cells and conduction
fibers, and the etiology, mechanisms, and
manifestations of cardiac arrhythmias. Be-
cause of their paramount importance to
arrhythmias, we will consider primarily the
pacemaker cells and the conduction system
of the heart. Recent advances in the avail-
able methods of study have contributed im-
measurably to our knowledge of these
specialized cardiac tissues, although many
problems are still unresolved.

The heart may be divided into (1) the
undifferentiated myocardium, the principal
function of which is to pump blood in re-
sponse to the cardiac impulse; (2) the fibrous
tissue, valves, and chorda tendineae, which
control the flow of blood; and (3) those
tissues of the heart specialized for impulse
initiation and propagation (S-A node, atrial
tracts, A~V junction, His-Purkinje system,
and other specialized fibers). The undiffer-
entiated myocardium forms the four cham-
bers of the heart: (1) the two thin-walled
atria, constituting part of the low-pressure

S$—~A Node
A-Y Junction
Bundle Branches
Nerve Supply
Embryology
Histology
Pathologic Considerations
Relationship to Arrhythmias

system, which functions principally to re-
ceive, store, and transmit the blood returning
from the systemic and pulmonary venous
system; and (2) the two thick-walled ventri-
cles, which function primarily to pump the
blood under considerable pressure into the
pulmonary artery and aorta, from which it is
distributed.

HISTORY

Because of the importance of placing the
present state of knowledge in perspective,
the development of concepts concerning the
specialized tissues of the heart particularly
merit discussion.

The study of the pacemaker and the spe-
cialized conducting tissues of the heart began
about 1845 with the demonstration of the
terminal elements of the system, namely, the
Purkinje fibers in the sheep heart.!®® The
existence of a conduction system composed
of specialized muscle fibers joining the atria
and ventricle was firstestablished by Gaskell’s
work with frogs and tortoises in 1882.2¢ The
bundle of His was the next component of the
conduction system to be definitely identi-
fied3% (1893). Kent had previously demon-
strated what he thought were muscular con-
nections between the atria and ventricles and
he also dissected the atrioventricular (A-V)
node (1892-1893).65-6¢ However, he did not
fully appraise its importance, and it has been
suggested that the muscular elements demon-
strated by him may actually be insertions of
atrial musculature at the A-V groove and
not connections between the atria and ven-
tricles.”® Fourteen years ldter, Tawara'®!
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(1906) further delineated the structure of the
A-V node. His main contribution was the
demonstration that the A-V node, bundle of
His, bundle branches, and Purkinje fibers
were anatomically continuous structures. The
sinoatrial (S—-A) node, the dominant pace-
maker of the heart, was identified the next
year by Keith and Flack.®* The specialized
atrial tracts were the last major structure to
be demonstrated.

Early workers?3.24.64.88.122,123,136 degcribed

what they considered to be special pathways,

connecting the S—-A and A-V nodes, but the
role of these structures in impulse transmis-
sion was challenged by Lewis,®! who demon-
strated uniform and even activation of the
atrial musculature, indicating that transmis-
sion occurred through the muscle itself.
Recently, however, Lev,’* Truex,'>? Mere-
dith and Titus,?® and James*?-1'* have dem-
onstrated what they consider to be specific
tracts connecting the S-A and A-V nodes.
- The specific histologic identification of these
tracts and proving their physiologic role as
conducting pathways constitute a major
problem. The interatrial bundle, described
by Bachmann,®> was put on a sound basis
since it has recently been conclusively dem-
onstrated by electrophysiologic studies.!3®
After the conduction system of the heart
had been described anatomically, investiga-
tions were instituted to establish the function
of each component. The clinical and elec-
trocardiographic manifestations of a mal-
functioning pacemaker and conduction sys-
tem were soon delineated. The following
evidence indicated that the S-A node is the

. pacemaker of the heart: (1) embryologically,
it is derived from the sinus venosus, which
is the site of the pacemaker in cold-blooded
vertebrates; (2) warming or cooling the node
increases or decreases the rate of the heart;
(3) injury to the node may dlter the heart

rate; (4) the classic experiments of Lewis®®
showed that, with each beat, the S~A node
was the first portion of the héart to show’

negativity. Early investigators employed
many methods of damaging the S-A node,
including cauterization,3¢-4* excision,!1%:%!
and clamping,’® all of which ~produced

marked slowing or disappearance of the

normal sinus impulse.
The function of the A-V cotiduction sys-

tem was established in the following manner.
In 1905, Hering?* damaged the bundle of His
in four dogs. In three of them, the damage
was sufficient to produce permanent com-
plete A-V heart block. He also demon-
strated that complete A-V heart block is not
produced by lesions that interrupt the con-
tinuity of the A-V groove at locations other
than the site of the specialized tissues. In
19072* and in 1909,%2 Erlanger and Blackman
produced permanent complete A-V heart
block in dogs by crushing the bundie of His
under aseptic conditions. The dogs lived
with complete A-V' heart block for over
300 days. This experiment demonstrated
not only the function of the bundle, but also
the irreversibility of injury.

Eppinger and Rothberger?® reported the
effects of experimental interruption of both
bundle branches: complete A~V dissociation
resulted. -They were also the first to demon-
strate the electrocardiographic manifesta-
tions of interrupting one bundle branch at a
time.

One of the earliest correlations between
clinical heart block and the cardiac lesion at
autopsy was made by Hay?? in 1905. Other
instances include that of a child reported by
Armstrong and Monckebergt (1911), in
whom complete block resulted from an endo-
thelioma involving the A-V node, and
Starling’s patient!!” (1921) who developed
complete A-V heart block unrelieved by
atropine, and in whom a postmortem éxam-
ination revealed a gross lesion of the conduct-
ing system. T ,

Although the structure of the heart had
been correlated with its functions, old con-
cepts must now be reappraised in the light of
investigations employing new techniques:
recordings from single cells by intracellular
microelectrodes and suction electrodes, the
cardiac electrogram, and electron micros-
copy. This is discussed later in this'chapter.
The extensive electrophysiologic studies that
have recently supported and refined thé tra-
ditional concepts concerning the cardiac im-
pulse are discussed in Chapter 2.

NORMAL ANATOMY =
- S5—A Node

Embryology. The S-A node, the A-V
junction, and the conduction' system develop

s
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by structural alterations of certain geneti-
cally predetermined cardiac muscle cells.
The S—-A node itself is derived from muscle
cells of the right horn of the sinus venosus,
which is incorporated into the developing
definitive atrium in its superior left portion;
medial to the entrance of the superior vena

Figure 1-1.

cava (Fig. 1-1). Meda and Ferroni, record-
ing action potentials of single cardiac cells of
a 13-somite (42-hour) chick embryo, were
able to demonstrate the pacemaker in the
sinoatrial area of the heart tube.’” Van
Mierop and Gessner identified the sinoatrial
node in the 4.5-mm. mouse embryo (com-

(A) Region of the sinoatrial node in a newborn child. SVC, superior vena cava; ST,

sulcus terminalis; RA, right auricle. (B) Region of sinoatrial node with epicardium removed. SVC,
superior vena cava; SA -sinoatrial node; R4, right atrium; R, recess of right atrium; B, mtercaval

band.  (Lev and Watne, courtesy of Arch. Path.)
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parable to the 6.0-mm. human embryo) by
light microscopy.!®! Walls!3¢ located the
primordia of the S-A node in a 10-mm.
human embryo. It consists of a group of
closely packed cells with nuclei that have a
stronger chromatin reaction than the atrial
muscular cells surrounding it. At no stage
of development (nor at maturity, for that
matter) is the S—A node a grossly dissectible
structure with definite boundaries, in con-
trast to the A-V node, the bundle of His, and
the bundle branches, : Alse, the S-A node
does not strikingly stand out under the
microscope when compared with the
surrounding myocardium.  Nevertheless,
Walls!34 felt that the characteristic location
of this group of célls, the minor but definite
histologic difference, together with the sub-
sequent identification of the nerves, ganglia,
and the artery that are constantly associated
with the S-A node in the adult, were suffi-
cient for identification at this early stage.
The morphology of the S-A node gradually
changes during gestation. Only at term does
it assume its mature form.

Primitive nerve cells in the human heart
can be first identified in a 16.5-mm. embryo.
They, therefore, appear later than the prim-
itive clements of the S-A node.'®*  These
nerve cells are first observed on the posterior
epicardial surface of the atrium and in close
relation to, but not within, the S-A node.
Nerve fibers course from there toward the
interatrial septum and the A-V junction,

Gross Anatomy. The S-A node is located .
in the superior portion of the right atrial
wall at the termination of the sulcus termii
nalis.”"? In most specimeng, it is not identi-
fiable grossly, but at times the copious eldstic
tissue network of the riode marks its location - *
as a white area on the atrial wall, It is:
horseshoe-shaped, and its dimensions vefy "
from 1.5 t0.2.5 em. in gt
0.7 cm. in width. The *liea
is located at the ngmcnop

#

vena cava and the right atrium. It is sub-
epicardial and courses to the left and inferi-
orly, ending subendocardially as the “tail,”
located at the junction of the auricular
appendage and the atrium proper. Due to
this unique position, the sinus node is
affected by those processes which affect the
epicardium, notably pericarditis,*® "and the
endocardium, notably mural thrombi.!!®
Some of the gross characteristics of the S-A
node appear in Figure 1-1.

Histology. The cells of the sinus node are
arranged in an interlacing network of sup-
porting collagen to which the basement
membranes of these cells are attached.®
These interweaving bundles of fibers form
clusters of nodal cells—an arrangement that
contrasts with the more regular pattern of
the atrial fibers. The S-A node contains
much more elastic and collagenous tissue
than the adjacent atrial myocardium™ .
(Fig. 1-2).

- Chdracteristically, ordinary cardiac muscle
cells are surrounded by sarcolemma; they
contain nuclei, sarcoplasm, and myofibrils;
the fibers are cross striated and contain inter-
calated discs.® The S-A nodal cells possess
all of these features to- varying degrees.
Two distinctly différent cell types and a tran-
sitional cell type occur in the S-A node. The
cells on the nodal marging appear to be iden-
tical to normal working myocardial cells.
“The central cells—P cells—are the main cells
of the node; they are pale and thin in con-
trast to myocardial cklls, afid their internal
structure differs frem ordihary myocardial
cells (ses Yitrastructuré): - ‘The transitional

. célls’are; 3s"their name implies, intermediate

Jp form betwecp P cells and myocardial cells.
. Wtrastructure. The ultrastructure of the
S-A node has been elucidated by many in-

vestigators, most recently by James and his
agsogiates.®8% The sinps node resembles an
; cylinder extentfing along the course

artery (e p. 31), with its

Figure 1-2. (A) Transvers; thteﬁﬁthl‘, 5
node; A, right afrium. Hemiatoxylin dnd eosin; x&ﬁ. .
(B) Transverse section through the sinoatrial node ina

of the viewer, with atrial musculature to the right.

p in a 40-year-old man. N, Sinoatrial

6iyear-old man. The node is seen to the left
Hematoxylin and eosin; X 210,

(C) Section through sinoatrial node and atrial fibers to show myofibrils and striations. Note the
small nodal fibers with relatively scant striations to thé left of the viewer, as compared to the atrial fibers

to the right. Phosphotungstic acid hematoxylin;- X

871." (Lev and Watne, courtesy of Arch. Path.)
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Figure 1-2. Legend on facing page.
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individual cells attachéd by means of their

basement membranes to a network of sup-
porting collagen fibers.®> Numerous capil-
laries, fibrocytes, and nerve endings may be
observed in the intercellular spaces, but no
direct contact between nerve endings and
cell surfaces have yet been described.®® The

individual cells of the human S-A node may

be divided into four groups: (1) P (“pace-
maker”) cells located predominantly at the
center of the node (Fig. 1-3); (2) undifferenti-
ated myocardial cells, located mostly at the
border of the node; (3) transitional cells, with
structural properties and often a location
that is intermediate between the previous
types (Fig. 1-4); and (4) Purkinje fibers,

Figure 1-3. ~Electron micrograph of P cells from human sinus node. Note the simple internal
structure. A similar cell examined by light microscopy and phase illumination is shown from human
sinus node in the inset at the right lower corner. Intercellular junctions of P cells are by plasma mem-
brane to plasma membrane apposition (small open arrow at the upper left) with a few scattered desmo-
somes, indicated by d. The small short black arrow in the upper left indicates an intercellular cleft just
above the intercellular junction, and the double-layered sarcolemma can be seen. (James and Sherf,
courtesy of Amer. J. Cardiol.)
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found at the borders of the node, extending
to the atrial muscle and to the specific con-
duction pathways.®

P cells differ strikingly from other cells of
the myocardium.?®:® They are small, rela-

TN

tively smooth and round in outline, and are
gathered in clusters within a single basement
membrane, which in turn makes contact with
collagen fibers.®® Their fine structure is

characterized by a relative paucity of myo-

Sl

Figure 1-4. 'Electron micrograph of human sinus node showing particularly well one of the slender
transitional cells (77), the ends of which are indicated with two open arrows. Note the orderly parallel
array of myofibrils and the abundant number of filaments per fibril, in contrast to P cells. At least
four P cells are labeled P in the upper half of the picture, and the tip of a fifth one lies just below the
Tr cell. The nucleus near the middle at the top is in an unidentified cell, probably fibroblast, as is the
nucleus lying parallel to and just above the Tr cell. The large vacant spaces probably represent fat
cells, while C indicates collagen fibrils. (James and Sherf, courtesy of Amer, J. Cardiol.)
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fibrils, which are oriented randomly, a de-
creased number of sarcomes (mitochondria)
and cytoplasmic granules (glycogen), and an
absence of intercalated discs combined with
a relatively small number of desmosomes and
nexus structures (see Fig. 1-3). One end of
a transitional cell might resemble a P cell
and the other end, a myocardial fiber, or a
transitional cell mighit be homogenous, hav-
ing an intermediate number of myofibrils,

sarcosomes, intercalated discs, and nexus

structures (Fig. 1-4). ‘(Purkinje .fibers are
discussed on 20; the ultrastructure of

undlﬂ'erentlated myocardmm is descnbed in

many communications.8.15.58,60.83 .

A number of studies have been performed
and many theoretical considérations invoked
to determine the funetional significance of
the cells of the S~A node. The P cells were
originally beliecved to have a pacemaking

function, as suggested by their appearance.
under the light micrescope and their ap-
parent relationship to nerve endings (they -

appear closer to nerve endings undér thé

light mlcroscope than they do-under the -

electron microscope.)’” Structurally similar
cells assume the pacemaking function -and
manifest the electrophysiologic characteris-
tics of automaticity in tissue cultures.!®-%-
31.94 The pacemaker cells of the in vivo

sinus node of the rabbit have a similar-

ultrastructure.!?® Similar cells are observed
in smaller numbers in the A~Y junction.’®
The structugal features of gafdiac cells can- -

be correlated with the spetd of conduction.
through them. SmaH cells' conduct dess
~ rapidly than larger cells,’® and cells with

little endoplasmic reticulum inanifest slower
intracellular conduction.?$¢
diges may facilitate conduction, 8138 and the

. gonsensus is that nexus structures promote

conduction between célis’®' P cells are

characteristically small, have little endo-

plasmic reticulym, agnd present few connec-
_ tions to adjacknt cells. - - Chnduction through
“‘them might then be expetied to be slow, as
in fact it is.?® This may be a basis for the
slow conduction through the S-A node.3?

Atrid

The fibers of the S-A node are in continu-
ity with various specialized cell types. Thesé
consist of (1) the transitional cells, discussed

- .pulse through the atrial muscle.

-- muscle

previously; and (2) specific pathways that
extend from the S—-A node to the A-V junc-
tion, the left atrium, and probably portions
of the atrial musculature located at a dis-
tance from the sinus node. The recent evi-
dence for the existence of these specialized
pathways has required revision of the long-
held concept that the impulse proceeded
from the S-A-node by simple radiation over
undiﬁerentiated atrial myocardium.

- When Keith and :Flack® first described
the 8-A node in 1907, .they suggested that

. direct internodal muscular connections might

conduct impulses. Subsequently, Wencke-
bach!2¢ described a pathway of Purkinje-like
fibers’ extending down the posterior wall of
the right atrium adjacent to the atrial septum
and terminating at the A-V node. Two

- years later, Thorel' demonstrated a direct

pathway between the two* nodes following

_the course of the crista términalis.

; Eyster and Meek?:24.88 performed a
series of experiments, the results of which
they interpreted as supyoﬁmg the concept of

-internodal conductmg pathways: appropri-

ately placed incisions in the right atrial wall
caused conduction abnormalities, suggesting
that the normal pathways had been blocked.

However, Lewis and his associates,
who had participated in establishing the role
of the sinus node as a pacemaker, held that
conduction was by radial spread of the im-
This
.theory of conduction came to be generally

“accepted. Only the interatrial conduction
~bundle, described by Bachmann’ in 1916,

was. considered an exception; however, its

tole wag not clearly defined.
Intercalated -~

Anatomists have penodxcally reported
finding internodal pathways. - Robb, Kaylor

‘and Turman'®* observed that the S-A and

A-V nodes in the 15-.to 32-week-old fetus
are conneécted by four distinct. pathways
consisting of specialized an ed
cells. Robb and gis0 - pre-
sented further anatodhic ‘evidence of inter-
nodal tracts in human, and monkey atria.
On the othdr hand, Truex!?®.and Lev’® de-
nied the existence of atrial tracts composed of
specml fibers.

- Meanwhile, physiologic evidence for func- .
tioning specialized atrial tissue was also
accumulating. Takayasu and co-workers!®




