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T . \. ! . Rre-face :

» The development of electrocardiography has progressed through two major
© phases. Under the leadership of Willem Einthoven and Sir.Thomas Lewis, a
- sound method of taking bi}\)olar leads and the major diagnostic features of the
_arrhythmias were set forth during the period from 1905 to 1925.  In the thirty
'years that have followed, even. ‘more remarkable developments have occurred

under the masterful workmanshlp of Frank N. Wilson. These have centered

upon the su1tablc apphcaﬂon of the laws that define the flow of currents in

volume’coqductors an extensive mterpretatlon of the normal and abnormal
‘ QRS ‘complex in bipolar, semldxrect and direct leads, the first proper inter-
' pretation of the potential distribution that is produced,by the field of injury,
_and, the integrative method of analysis of the accession and the regression

- processes. ;
Out of the author’s experience in teaching the subject at the undergraduate,

; graduate, and postgraduate levels developed the present text on Electrocardio-
‘ graphic Analysis, of which thlS book, Biophysical Principles of Electrocardiography, is
Volume I. It will be followed by Volume 11, Clinical Applications of Electro-
 cardiography. ~ Both volumes deal almost excluswely with the second general

& developmental phase mentioned above. - This volume, Biophysical Principles, is

- intended to present a step-by-step account of spec1ahzed information from the
fields of electricity’ and mathematics that has been reduced to several easily
understandable methods useful in analysis of electrocardiographic wave form.
~ The understanding of, and the practice with, these basic tools eliminates the
 hazardous and dubiou§ task of pattern memorization of the multivaried wave

- ‘forms that are displayed by modern electrocardiographic leads.. With this
knowledge deflections that are the least conspicuous may often be assigned a
- proper interpretation of first-order importance. ® Centrariwise, certain obvious
e pattern changes are not-apt to receive empirical exag_gefation in the light of

_ coincidental clinical events. : : - le
i ¥ g ') .
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Vil : PREFACE

Sufficient electrocardiograms have been selected, discussed, and supported .

with numerous bioelectrical and vector diagrams to offer the reader a reason-

ably sound working knowledge of all the most important types of wave-form

changes that are assigned to intrinsic cardiac factors. The text should there-
fore serve as a valuable starting point for serious students of the subject and a
valuable supportwe treatment for the many current texts that devote coms-
paratively httle space to the more difficult basic aspects of the subject. It is

hoped that this book and 'its forthcoming companion volume will: be found

useful by all interested in cardiovascular disease: clinicians and researchers;
instructors and students. ' e ? 4

It was considered advisable that only the ‘more basic articles be indicated
in the book by reference. An apology is offered to the many authors who are
nameless here but who have kept the clinical aspccts of the subject moving
forward at a lively and exciting pace. ’

Volume 11, Clinical Applicatipns, will contain a comprehensive prcscntatron
of the principles of analysis of clinical problems under the various etiologic
categories, including a section devoted to congenital heart disease. - The book
will be extensively cross-referenced with Volume I to indicate the analytical
principles being utilized in the discussion. It will also include a section on
extrinsic cardiac factors, a discussion jof errors in recording techniques, and a
chapter devoted to the: desxrable qualities of the differential amplifier that is
required for accurate rccordmg of the electrocardiogram.

There is a third and almost unexplored ‘phase of elcctrocardlography in the

vast basic field of ion activity in excitable tissues. Naturc has ‘adopted the
bloelectnc mechanism of excitation for the sensation and the initiation of
movement of all kinds in most forms of life in both the plant and the animal

kingdoms. Compare, for example, the action potential of a flower, the

Venus’s-flytrap, mounted over that of the canine electrocardiogram (direct
lead from the left ventricle). The highest degree of specialization of the

excitatory mechanism is undoubtedly exemplified- by the human nervous

system. At the moment, the ions involved appear to be those of potassium
~ and sodium, but others may soon be implicated both in health and in disease.
It : appears likely that advances in knowledge at the cellular level w111 largely
. pace the advances of electrocardiography of the future. . .

The author gives thanks to Loyal L. Conrad, M.D., Assistant Professor of
Medicine, University of Oklahoma School of Medicine, who produced almost
all the illustrative drawings, read the first draft of the manuscript, and con-
tributed ‘many helpful suggestions. * Thanks are also extended to Mrs. Jean

Tucker, research assistant at the Heart Station. of the University Hospital, who -
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. reviewed the files for the illustrative electrocardiograms and helped in countless
| other ways to make the task possible. Her support has been generously
contributed by the Oklahoma State Heart Association.

Tllustrating the general similarity of wave form of the action
potential '(0.13 volt peak) of the Venus’s-flytrap (top curve,
courtesy V. A. Greulach, Scientific American, Feb:, 1955, p. 100)
“and that of the unipolar direct lead from the surface of the canine
left ventricle. -

( : :
j Thanks are given to-Miss Ruth Doelling and to Mrs: Juanita Baughman for
' their painstaking task of typing the prepublication drafts of the manuscript.

| Finally, appreciation is expressed for:the courtesy, help, and generous

cooperation of Paul B. Hoeber.-
R. H. B.

Oklahoma City ;
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Introduction

- The electrocardiogram is first of all a laboratory procedure and in accordance

- with other laboratory procedures should receive interpretation by the physician -

“in direct charge of the patient. Interpretation should not be attempted without

a knowledge of the essential clinical findings, pertinent laboratory data, and
‘the purpose for which the elcctrocardlogram has been taken.

. Like most laboratory procedures much helpful mformation may be obtalned
that falls into. the category of corroborative data. Unlike most laboratory

‘ procedures, a vast amount of additional information  may be obtamed that :

a _cannot be ant1c1patcd by any other means.’

;.f‘ ' Heart muscle belongs to a class of 11v1ng structure known as excitable tissue.

| In the animal body smooth and striated muscle and nerve also belong to this

 class. Excitable tissues are characterized by their ability to generate ‘an’

electric field throughout the conducting medium in which they are naturally

imbedded and of which they form an integral part. The electric field con-

sists of a flow of current along paths that leave the surface element of the

excxtable cell, enter the surrounding medium, and re-enter the same cell

through an adjacent surface element by virtue of an alteration of the electrical -

. properties of the latter. The electrical behavior, is, therefore, dependent u/Jon -

- the conducting properties of the medium, both exterior and interior to the’

' surface elements of the fiber, as well as upon the conducting properties of the

 surfaee elements themselves. [9, 23].

1

A failure to apprecmte these.facts has led to a great deal of confusion in the
| past. Moreover, a great many experiments have been ‘and continue to be.
_ performed in physiologic laboratories (wherein the conducting medium exterior
to the excitable tissue is réplaced in part or in whole by moist air, a non-
. conducting medium). ~Experiments of this kind impose a very complicated
boundary condition upon the electrical behavior and alter the temperature

r

)
é - gradient throughout the tissue under study.  Under the circumstances the -
electncal behavior: cannot be interpreted in terms of that which wonld ocour

i
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gl 1Y _ INTRODUCTION

had thc extcrnal environment and the internal temperature gradient remained -
unaltered. The so-called ‘monophasic action potential recorded under these -
conditions as a potential difference between an injured and urinjured region

can have httlc bearing upon the problem of analys1s of the heart’s field in situ.

P
g






Introduction :

; -Ché.pter.lz Idealized Volume Conductor and Clmlcal Electrocardlo-
T - graphic Leads ‘

[1:1]
[1:2]
[1:3]
[1:4]
[1:5] -
[1:6]
[:7
[1:8].
[1:9]
1:10]
[1:11]
[1:12]

f 21 ]
[2:2]
. 12134
[2:4]
- [2:5]
[2:6]
{2:7]
[2:8]
- [2:9]
f2:10]

[2:11]

5

‘Content;

Conductors

'Dipole Field e

Generator
Field Deter:rmnants
“Flow Paths

Equipotentials . ey ;

Detector =

Zero of Potential and Unipolar Leads
F o.rmAulation of the Potential

Lead Conventions

Umpolar Lead Conventions ,
Other Umpolar Lead Conventions -

[1:13] The Zero of Potential of the Heart’s Field

: Accession of the Cardiac Fiber and the Cardiac Muscle

Mass
Current Distribution of a Single Fiber
A Convention on Large Solid Angles

‘Resting Membrane Potential

Accession of a Single Fiber

.Accession a Progress of Dépolaﬁzafion
‘,The Elastic Membranc Convention

Accession and the Direct Lead

Solid Angles ;
Potential, a Function of Surface Flbcrs
Double Distributions of Various Kinds
Excitation a Two-Phase Process

b}

/

O O WO 00O OO N e

19
19
23
23
9%

27

27
28

30
-y
33

34



iv

Chapter 3: :

Chapter 4:

. Chapter 5:

. CONTENTS

Properties of Vectors

[3:1] The Vector Idea

[3:2] Translation of a Vector

[3:3] Sum of two or more Vectors

[3:4] Projectioﬁ of a Vector \
[3:5] The Cardiac Generator

[3:6] The Resultant Cardiac Dipole

[3:7] The Triaxial Reference System Saag
[3:8] The Triaxial Reference System (Unipolar)

- [3:9] The Problem of the Resultant Cardiac Axis |

[3:10] Lead Vectors .

- [3:11] Reciprocity Theorem of Helmholtz

~

Agriél and Ventricular Accession Normal, Hypertrophy, -

and Block
[4:1] Terminology Conventions .
[4:2] The Atrial Accession Process -
[4:3] The Mean Axis of P or sA and A
[4:4] Umpolar Atrial Leads
[4:5] Vcntncular Accession
[4:6] The Axis of QRS or sAQRs and AQRS
[4:7] Centroids of Stimulation and Mass

- [4:8] Precordial QRS Analysis

[4:9] Hypertrophy
[4:10] Bundle-Branch Block
[4: 11] Pre-excitation

\

Analysis of the Infarcted Ventricle ;
[5:1] Alteration of Surface Contour. * .
[5:2] The Dead Zone Vector sD

[5:3] Inferoseptal Infarction

[5:4] Lateral Infarction

[5:5] 'Anteroseptal Infarction

[5:6] High Posterior Infarction

[5:7] The Q Deflection Problem

[6:8] Cavity Potentials ;

. [5:9] QRS Changes of Infarction

v'35“
35

36
36
36
38
39
41
43
46
47
48

50

50
- 50

52
52
53
55
56
57
6}
69
77

82
82
83
83
88
89
94
96
97
97




\

; 'Chépter 6:

- Chapter 7:

Chaptér 8:

Chapter 9:

CONTENTS

The Broad QRS Interval and Infarction -

[6:1]
[6:2]
[6:3]

[6:4]

Peri-Infarction Block

Left Bundle-Branch Block and Infarction
Right Bundle-Branch Block and Infarction
Local Intraventricular Block

Regression and the Excited Electrical State

e

[7:2]
23]
[7:4]
[7:5]

i [7:6]

WETY!
[7:8]

General Remarks

The Mean Electrical Axis of T, sKT

The Order of Ventricular chrcssmn

The Ventricular Gradient, G

The Local Gradient, G,

The Fictitious Average Ventricular Fiber
Excitation on the Average Ventricular Fiber
Area of T in the Unipolar Lead

anary and Secondary T-wave Changes

[8:1]
[8:2]
[8:3]

- [8:4]
- [8:5]

[8:6]
[8:7]

[a :8]

[8:9]
[8:10]

[8:11]

The 'T-Wave Problem

Local Ventricular Ischemia © - S
Local Ventncular Ischemia in Combination :
The T-Wave Changcs of Impending Infarction

'_anary T-Wave Changes with Exercise

Primary T-Wave Changes in Myocarditis

Digitalis and Primary T-Wave Changes

The Primary T-Wave Chahge of Altered. Serum
Cat+

Primary T-Wave Changcs of Altered Kt

Superimposition of Primary and Secondary T-Wave
Changes in Ventricular Hypertrophy

Primary T-Wave Changes, a Sensitive Nonspecific
Indicator

Currents of Injury and RS-T Junction Analyéis

[9:1]
[9:2]

[9:3)
[9:4]
[9:5]

- [9:6]

[9:7]
[9:8]

General Considerations :

A Convention on the Injury Effect .

The Transient Character of Injury
Distributions of the Double Layer of In_]ury
The Axis of Injury sI :

The Base-Apex Axis of In_]ury

The Apcx—Base Axis of InJury

Injury and Regression in Acutc Cor Pulmonalc

101 -

101~
106
109
117

124

124

128

130
131
132
133
134 -
139

143

143

144
154
155
157

11157

168

168
173

178
183
184

1184
Bl

188
189
193
196

198

199



- vi

¥

CONTENTS

~ Chapter 10: Mathematical Considerations
‘ ' - [10:1] Introductory Remarks

- [10:2] Field Equations

’

References
Glossary -
Index

[10:3] Solutions of the Potential

[10 :4] Resting Membrane Potential
[10:5] ‘The Zero of Potential
[10:6] Lead Problems
[10:7] Gradient of T,

207

207
207

208

217
217
220
Vi

223

995
235



CHAPTER 1

Idealzzea’ Volume C'ona’uctor and Clzmcal
Electrocardzograp/zzc Leads ;

[l :1] Conductors : : B ey

throughout the conducting medium exterior to the cardiac fibers for it is these
‘. flow paths that determine his measured pattern of potential dlﬂerences.
Factors that determine these flow. paths in health and in disease are situated
both outside and’ 1n51de myocardial fibers. A major electrocardiographic

'throughout the body. :

41 <The. arbitrary notion must be re_]ected as untenable that, because an m_]ured
' regxon does not support an electric double layer and an excitation process, this
o reglon cannot bear a potential distribution in'a manner similar to that borne
by other nongenerating regions of the .volume conductor. Moreover, the

-

in situ on the basis of experiments conducted tpon these tissues isolated in
. moist air has been clearly shown (23) to be in serious conflict with the well-
known physical laws that detéfmine the flow of currents in volume conductors.
Itis through a conservative application-of these laws that clinical electrocardio-
graphy now enjoys a reasonably firm foundation. Inasmuch as the medium
is three-dlmensmnal it is referred to as a volume conductor in contrast toca
- copper wirg, which potential-wise is a linear conductor. Unlike the wire, the
- body tissues make up a relatxvcly poor conducting medium. Living tissues
are said to possess a finite conductlvxty and thus are able to maintain a potentlal
daﬁ'erence (difference in electrical pressuré) between various pomtﬁ within
) "4 ﬁhelr substance or upon their surface. In good conductors the conductivity

The electrocardiologist is pnmanly mtcrested in the ﬂow paths of current

Rt

pfoblcni is posed in the differentiation of extrinsic from intrinsic factors, which :
~operate both s1ng1y and in combination to determine the dlstnbumon of ¢urrents -

‘interpretation of the potential distribution that is produced by excitable tissues

_is “infinite” and potential differences"are often too small for convenient:

L »




2 : IDEALIZED VOLUME CONDUCTOR [1:2]

measurement. The nonconductmg class of materials (dielectrics) creates large
 potential differences and permits extremely small currgnts to flow. ‘Engineering
science, with its primary aim at generation and control of electficity (movement
of electrons) has naturally developed with the study and use of good conductors
and good ' insulatoss. Consequently, information on  poor conductors is

limited and rece,Nes no mention in most of the introductory texts on electricity.

[l 2] Dipole erld
When an electromotive force (potential dlﬁ'erence) is applied to a volume
conductor of ﬁmte conduct1v1ty, current enters the volume conductor thréugh

. Fic.1:1.1. Bisa battery and i is the current through
the circuit BOO’B. R, L; F are electrodes.. G is a
w galvanometer or detector. T, is the rlght-arm terminal
. of G T, is the left-arm termlnal of G. risa variable
(potentiometer). shunt that controls the electromotive
» force applied to electrodes o and o’. The experiment is* -
. oversnmphﬁed (see Flgure 1:1.2 and legend).

a region called the source and leaves the volume conductor throuéh a region
calléd the sink. After leaving the source and before entering the sink currents
flow throughout the whole interior of the volime conductor. ‘The various’
paths along which the currents ﬂow are determined by a pattern of potentlal
differences or differences in electromotlve pressure The applied electro-

222k n Rl S - e Sl gt B s




b opig) GENERATOR . =« : R
motive force is obtained from a generator of some kind. - In"the labotatory a
dry cell battery will, sufﬁcc (Figures 1:1.1 and 1:1.2). Wires connected from
its positive and negative poles serve to apply the electromotive force at’ two -
points (source and sink) -of the volume conductor. A large %ath of normal
saline solution may be utilized as the volume conductor. The ‘battery, . its
“wires, and the electrotdes o and o (which are insulated except at their tips)
are referred to collectively as the generator circuit. The current flow from the
generator circuit enters the saline at the source, flows throughout all parts of
the volume conductor, and leaves the saline at the sink. : :

This flow constitutes the electric field of the volume conductor.. All currents 3

leaving 'the source enter the sink, for the saline is surrounded by a dielectric. '
« Consequently the strength of the source is equal to the strength of the sink. The
current that moves through the high resistance of the galvanometer is too small
to be considered. %
~ Insofar as the volume conductor is concerned the region of highest potential
( = pressure) is the source and the region of lowest potential is the sink. The
. maximum potentlal difference is across the source and sink. If we measure
this potential difference at 100 millivolts, we know that ‘the generator circuit

 applies an electromotive force of 100 mv. to the volume conductor. Moreover
the potchtial V., at the source is 50 my. and the potential V.’ at the sink is
—50 mv. Consequently, the applied electromotive force (emf).ds given by

emf = (V,—=V,) = 50— (—50) ( (L:1)
100 myv.

74

' [1:3] Generator
When the source and sink are close to each other the electric field of the
volume conductor is said to be produced by a current dipole or doublet. If we
add more salt to the solution we increase the conduetivity of the medium and

more current will flow (Figure 1:1.1) if the applied emf is held constant by = ©

adjusting the potentiometer r. If the applied emf decreases, the cygrent i
will decrease, and potential differences at various points in the volume con-
ductor will decrease. Consequently, the magnitude: of the potential difference
~ across any two points in a volume conductor is proportional to the current

i strength of the dipole and varies inversely with"the conductivity.

&

[l 4] Field Determinants

Given a current dipole of constant strength in a volume conductor, the
factors that determine the flow paths throughout the conductor ar¢, the

7






