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INTRODUCTION

THE MAGNTITUDE of the problem of coronary artery disease needs no intro-
duction in the present day. It is fitting however to pay tribute to the vast
research endeavour which has already been expended in the investigation
of this disease. For a time it appeared as if the morbid anatomical and histo-
logical studies of the first part of the century had been swept from the main
current by a flood of contributions on plasma lipid chemistry and experi-
mental atherogenesis. To many it must have seemed that this was the
proper and logical sequence of investigation: first the definition of the
lesion and then the search for its causation and its prevention. However,
although substantial ground has been gained, a satisfactory solution to the
aetiology of ‘atherosclerosis has so far eluded its vigorous and sustained
pursuit in the field of biochemistry.

Recrudescence of interest in the structural changes in the coronary ar-
teries has been manifest in recent years. This is perhaps not unrelated to
the frustrations of the biochemical approach, and to the new problems
encountered in the diréct surgery of the coronary arteries. At any rate
it is evident that experimental and biochemical discoveries have outstripped
knowledge of their morphological significance. There is still need for pre-
cise data on the anatomy and pathology of the coronary arteries of man. .
It is also important to preserve and reaffirm knowledge which has been
established.

In this book some observations are presented which have been derived
from an individual effort to study the pathology of coronary artery disease.
Naturally much that is written in its pages has been said before, and is con-
firmed by word or illustration. It is also inevitable that much will be super-
ceded by the application of advances in histochemistry and electron micro-
scopy. Nevertheless the description is securely based on original observa-
tions and is supported by a sample of the visible evidence from which it
was derived. Although their interpretation will doubtless be modified in
the course of time, and concepts will be moulded or cast aside, the photo-
_graphic illustrations should stand firm as faithful and permanent records
of objective evidence.

Survey of the literature on the pathology of coronary artery disease |
reveals that previous investigators have severally concentrated on one, or a
selected few, aspects of this subject. As an alternative it seemed worthwhile .
to attempt a correlation of all concurrently available data in a relatively
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viii The Coronary Arteries

small number of cases. While pursuing this objective the author has had
cause to reflect on the wisdom of those who have restricted the field of
their observations within more manageable limits! Nevertheless the com-
prehensive nature of this survey has been most instructive. It has per-
mitted opinions to be reached from original information on a wide range of
topics and has thereby laid the foundations of a critical appreciation of the
contribution of other workers. A part of this opportunity is made available
to the reader who chooses to examine closely the illustrations assembled in
this book and to read the interpretation which has been offered.

In order to obtain the maximum information on each case it was neces-
sary to develop a method of examination which would meet the exacting
requirements of the project. Firstly an arteriographic technique was re-
quired which would' provide a tliree-dimensional picture of the intact coro-
nary circulation. At the same time it must reveal the smallest communica-
tions between arterial branches and demonstrate the small vessels in
occlusive lesions and in the diseased artery wall. The injected tissues must
present no technical difficulty in the preparation of microsections. The his-.
tological structure and tinctorial characters of the myocardium and coronary
arteries must not be materially altered. Means of demonstrating the find-
ings stage by stage had to be planned in such a way that interference with:
subsequent observations was avoided. Lastly, it was desired that the find-
ings at each stage should be permanently preserved, so that the original
material could be studied repeatedly.

No record has been found of investigations which have sought to reveal
at once and in the same specimen, in gross and in minute detail, so many
aspects of coronary artery disease; and which have thereby allowed cor-
relation of the assembled information in the manner which has been at-
tempted in this book.

The arteriographic illustrations are of primary importance in this pre-
sentation. Indeed, a comparable demonstration of certain features has not
been found elsewhere. In particular may be mentioned the radiographic
demonstration of intimal vessels, of the processes of recanalization of oc-
cluded coronary arteries, and of arterial anastomoses of fine calibre. Other
arteriographic findings are described for the first time. The main appeal of
this book may well lie in the pictorial quality of its illustrations; but it is
hoped that the reader will also find interest in the comprehensive nature of
the survey, which presents a dynamic and three-dimensional concept of
coronary heart disease.



PREFACE

THIS BOOK is primarily a record of individual research. No apology is made
for the personal character of the text. The emphasis lies in the demonstra-,
tion of findings, their interpretation and the development of concepts of
pathogenesis in coronary artery disease. Although the contributions and
opinions of other workers receive acknowledgement and critical appraisal,
from the standpoint of original observations, there is no pretence of under-
taking a comprehensive review of the enormous literature on this subject.

The investigation was commenced during a research assistantship in
cardiology in the University of Edinburgh, created on the initiative of Dr.
A. Rae Gilchrist and sponsored by the Department of Health for Scotland.
The original work was carried out in the pathology departments of the
Royal Infirmary and the University, Edinburgh. Review and analysis of the
material collected continued during the tenure of the author’s present
appointment in the Department of Materia Medica and Therapeutics in the
University of Glasgow. Gratitude is expressed to all who gave their sup-
port through encouragement, facilities and criticism. Their number includes
Dr. A. Rae Gilchrist, Professor A. Murray Drennan, Dr. R. F. Ogilvie, the
late Professor J. C. Brash, Dr. M. F. Oliver and Professor Stanley Alstead.
The decision to present this work in book form was fostered by Professor
Alstead and catalysed by Professor G. L. Montgomery.

The entire investigation was conducted personally in all its aspects, with
the exception of routine histology. The preparation of paraffin sections of
the coronary arteries was undertaken by Mr. Stewart Rankeillor, Depart-
ment of Pathology, University of Edinburgh, and some special stains were
later applied to spare sections by Mr. Ian Mackie, Stobhill General Hospi-
tal, Glasgow. The methods were largely the product of personal experi-
mentation. Departures from conventional procedures were all original
innovations provoked by dissatisfaction with the shortcomings of earlier
results.

The original arteriograms, the monochrome photographs of 2 mm. sec-
tions of the coronary arteries and all the line drawings were prepared by the
author. Assistance has been gratefully received from several quarters in
the preparation of the illustrations for publication. The greatest burden of
photographic reproduction of arteriograms and line drawings has fallen on
Mr. P. S. Waldie and his assistants, Department of Clinical Photography,
Stobhill Hospital, ‘Glasgow. Most of the photomicrographs are the work of
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x . The Coronary Arteries

Mr. D. MacAllister, Department of Physiology, University of Glasgow.
Photographic support has also been supplied by Mr. T. Dodds and assist-
ants, Department of Medical Photography, University /of Edinburgh and
by Mr. G. Marshall, Department of Anatomy, and Miss Sheila Grace, De-
partment of Materia Medica and Therapeutics, University of Glasgow:
Secretarial assistance in the preparation of the manuscript was given by

~ Mrs. M, Strathearn, University

Many of the illustrations have been previously published, and acknowl-
edgment is made for kind permission to use the following illustrations:

British Heart Journal: Figures 2:17, 20, 22, 23, 26
4:31, 32' 34,° 85
6:1,2 8° 4,5, 7, 8,9, 11, 12, 14, 15

Scottish Medical Journal: Figures é g
. 4:1,° 2,° 8,5,7, 12, 14, 17,° 18, 19‘21‘24
- 25, 727 28
i Append;x Flgure 2
British Journal of Radiology: Figures 1:3, 4,5
Quarterly Journal of Medicine: Figure 3:1 _
Lea and Febiger, Philadelphia, and Dr. Donald E. Gregg: Figure 4:36

*New illustration, similar subject.



NOTE ON STEREO-VIEWING

h A NUMBER of instances the arteriograms have been presented as stereo-
pairs. A simple stereoscope has been provided and the following instruc-
tions for its use should be followed. Unfortunately halftone reproductions
will not permit the use of stereoscopy at higher magnifications, such as was
the practice with the original arteriograms.

Lighting should be bright but shaded from the eyes and should cast no
reflections or shadows.

The page should be flat and the stereoscope, eyes and stereo-pairs cen-
tred and aligned in the same horizontal plane.

Commence with the stereoscope close to the eyes and about 8 inches
from the page. If two separate images are seen, suitable adjustment of the
distances of instrument and eyes from the page may assist their fusion. It
may be necessary voluntarily to relax accommodation and convergence and
to make small movements of tilting and rotation of the stereoscope before
fusion of images is achieved. The commonest source of failure is insufficient
attention to correct ahg'nment Some individuals however do not custom-
arily employ binocular vision but parallax for their judgement of three di-
mensions and may find it impossible to achieve convincing stereoscopy.

Stereovision can also be attained without the aid of lenses by holding
the page at a sufficient distance, perhaps twenty. inches, from the eyes and,
with due attention again to centring and alignment, relaxing convergence
until the images swim together and fuse. When this manoevure has been
successfully carried out, and the stereoscopic view securely held, the page
may be brought closer to the eyes, up to the limit of tolerance.



CONTENTS

IntroducTiOf . . .. . e e
Preface ................ R sy VB R AmE R EEAEE ¢ IS IT IR
Note on Stereo-viewing ................. ... ... ... .. ... . ... ..

Chapter

1. TaE DEMONSTRATION OF CHANGES IN THE CORONARY ARTERIES WITH
THE AID OF STEREOARTERIOGRAPHY ... ........... i e i o
INtrOdUCHON . . ..o oot
The Method of Examination of the Heart and Coronary Arter-

ies Developed in the Present Investigation .............
Injection of the Coronary Arteries ................
Radiography of the Injected Heart ................
Reproducibility of Arteriograms and Immersion Ra-

diography ........... ... .. ... ...l

The Method of Partial Dissection .................

Examination of the Structural Changes in the Coro-

nary Arteries Themselves ....................

2. THE MATERIAL -
Criteria for the Division of the Material into Groups I-IV .. ..
Normal ......................... R
Nearly Normal ......0......................
Heart Disease Other Than Coronary Artery Disease.
Coronary Artery Disease ........................
Diagrams of the Coronary Circulation . ewememe s Tas empms o
Notes on Their Preparation and Interpretation . . .. ..
Case Summaries . ........... ..o,

3. SoME OBSERVATIONS ON THE ANATOMY OF THE CORONARY ARTERIES. . .

Anatomical Distribution of the Coronary Arteries............
Main Stems . ........... i

11

13

17
17
18
18
18
19
19
20



xiv The Coronary Arteries
Chapter Page
External Diameters and Lumen Diameters of Injected Coro-
nary Arteries . .......... ... 58
Anatomical Factors in the Localization of Atherosclerotic Le-

SIOMIS . . 62
Epicardial or Intramural Site . . ................ ... 62
Anchoring to the Heart Wall ..................... 64
Influence of Branching .......................... 66

Changes in the Vascularity of the Right Ventricle with Age... 67
Heart Valves ................... A S S 67
Vascular Communications Other Than Coronary Arterial Anas-

tOMOSES ... ... 69

SUIMIATY «: 55 svrws snsasprisiasssamins susas sosarmads s 88 70
4. ARTERIAL ANASTOMOSES IN THE CORONARY CIRCULATION ............ 72
Introduction ............ ... .. ... ... ... ... 72
The Historical Background .............................. 72
The Period of Detailed Classical Investigations. .. . .. 73
Confirmation of the Work of Gross and Spalteholz... 73
Schlesinger and Later Workers . .................. 73
Anatomical Features of Coronary Arterial Anastomoses as
Demonstrated in the Present Investigation.............. 74
Introductory Remarks .. ... ..ccomssisssaans vuons 74
Criteria, Methods and Material ................... . ....... 75
Criteria . .....vivsvosisansissoinswsssehinsesoais 75
Methods ............ .. ... ... ... ... ..... e 75
Material ........ ... .. ... ... . . ..., 77
Arterial Anastomoses in the Normal Heart ................. 78
Incidence: General Statement ................... 78
Atrial Anastomoses ..................... SRR AR AR Ca A 80
Ventricular Anastomoses ,.....................c.ciian. 81

Superficial (Epicardial) Ventricular Anastomoses... 81

Deep Ventricular Anastomoses ................... 83
Anastomoses at Other Sites ............................... 89
The Heart Valves .............. .......cooiiiunn. 89

Arteriae Telae Adiposae ......................... 89



Chapter

Contents

Extra-cardiac Communications ............ TR
Mediastinal Connections ........................
Measurement of Coronary Anastomoses and Some Calculations
Character and Origiﬁ\ of Anastomoses .....................
Normal ........... ... .. i
Abpormal . .0 cisaiassneiniieinierenievsainsveans

The Origin of Enlarged Coronary Anastomoses. . . . ..

The Origin of Arterial Anastomoses from Capillaries.
Discussion of the Evidence for the Existence of Arterial Anas-
tomoses in the Normal Human Heart .. ............. ...
The Significance of Coranary Arterial Anastomoses in the Nor-
mal Heart ...... R S T PR PR
The Time Factor in the Enlargement of Coronary Anastomoses
DISCUSSION. . «oioc sovmens smems swams swsbsmascemsiie

Coronary Anastomoses in Relation to Ventricular Hypertrophy .

Coronary Arterial Anastomoses in Ischaemic Heart Disease.. . .

‘Enlargement of Anastomoses as Revealed by Stereo-
arteriograph‘y ................ R R o B

The Experimental Evidence ......................

Passive Versus Dynamic Factors ..................

Dynamic Factors in Anastomotic Enlargement. . . .. b5

Dynamic Factors in the Genesis of the Paradoxical

Changes in the Subendocardial Plexus of the

Left Ventricle ..............................

Correlation with Experimental Evidence ..........

Comment ............... SRR BEeEE RN RS W EEEn

5. THE ReELATIONSHIP OF CORONARY OCCLUSIONS TO ISCHAEMIC

MYOCARDIAL DAMAGE .................. e

Definitions and Criteria ... ...... A TP T
Subdivision of Coronary Arteries..................
Abbreviations ..... ...... Fd i § 9w 5
Coronary Artery Occlusxon ......................
Myocardial Damage e

Page

101

105
107
111

118

115

116
118
119
120



xvi The Coronary Arteries

Chapter Page
Age Grouping of Arterial Occlusions and Myocardial

Damage .............. ..., 132
Notes on the Presentation of Observations in this

Chapter ........................... AR 133
Some General Observations on Coronary Artery Occlusions

and Related Myocardial Damage. ..................... 133
Episodes of Coronary Artery Occlusion and Myocardial Dam-

AEE o 134
The Degree of Narrowing Which Preceded Occlusion . . .. ... 135
Further Details in the Relationship of Coronary Artery Occlu-

sion and Ischaemic Myocardial Damage .............. 139

The Distribution of Coronary Artery Occlusions in
Relation to Myocardial Infarction ............. 139

Coronary Artery Occlusion without Myocardial In-
farction ........... ..., 141

Ischaemic Myocardial Damage in the Absence of
Coronary Artery Occlusion .................. 142

The Proximate Cause of Regional Myocardial Dam-
age, Including “Infarction-at-a-distance” . . ..... 143
Extension of Infarction .........ciee.cisesvisssass 144
The “Artery of Death” .................................. 146

Infarction of the Right Ventricle and Related Coronary Artery
Occlusion .. .:................... ... e 149
Congestive Cardiac Failure .................... 152
Coronary Ostial Stenosis ................................. 153
Branch Occlusions ................ ..., .. 154

The Relationship Between Branch Occlusion and
Myocardial Damage ........................ 155
The Site of Branch Occlusions ................... 155
Summary and Conclusions ....................... ... ... 155

6. ANASTOMOTIC ENLARGEMENT AND THE EXTENT AND DISTRIBUTION

OF ISCHAEMIC MYOCARDIAL DAMAGE. . ......................... 160
Regional Myocardial Infarction .......................... 161
Anastomotic Enlargement Poorly Developed. . . ... .. 163

Moderate Anastomotic Enlargement .............. 163



Contents xvii

Chapter Page
Extensive Anastomotic Enlargement .............. 168
Some Considerations in Anastomotic Adaptation and Protec-
tion Against Ischaemic Myocardial Damage ............ 168
Protective Enlargement Before Occlusionr .......... 168

The Sufficiency of Collateral Blood Supply Tested by
Its Withdrawal ... ... e 172
Inner-zonal Infarction ................................... 173
Summary of Findings in Four Cases Exhibiting
Changes Related to Chronic Generalized Myo-
cardial Ischaemia ........................... 173
The Distribution of Myocardial Lesions in Relation to
Adaptive Changes in the Coronary Circulation.. 179
Factors Influencing the Inner Zonal Distribution of

Focal Ischaemic Damage ............ G 182
A Note on the Pathogenesis of the Focal Necrotic
Lesions .......... ... ..., 184
The Right Ventricle in Generahzed Ischaemia ... ... 185
Incidence and Recognition of Chronic Generalized Myocardial
ISCHAGIMA . covvuveivsvs smomnimims smsmesmsmssnsussos 185

Recognition of the Inner Zonal Pattern of Vascular
and Myocardial Changes .................... 185
Clinical Recognition of Chronic Generalized Myo-
cardial Ischaemia: Acute Coronary Insufficiency 186

Surgical Implications ............................ 186
Generalized Cardiac Ischaemia in Conditions Other Than Ad-
vanced Coronary Artery Disease ...................... 187
Aortic Valvular Disease ......................... 187
Anaemia .............. i 188
A Note on Syphilitic Coronary Ostial Stenosis . . . ... 188
7. CANALIZATION OF THROMBOTIC QCCLUSIONS. . . . ... ................. 189
Some Technical Points .................................. 189
Criteria and TEIMMOIOBY ..o cvvwsminssmrmns saisws 189
Methods of Examination ......................... 190



xviii The Coronary Arteries

Chapter Page
Introductory Observations on Thrombotic Occlusions. . .. ... . 192
The Primary Changes ......................«........... 196

“Separation” or Detachment of the Clot from the Ar-
tery Wall «:o: cossssvimsmmsminsimimsininssns 196
“Fissuring” or Infiltration of the Clot .............. 200
“Separation” and “Fissuring” Combined............ 207
Secondary Development ................................. 208
The Fate of Thrombus in Occlusive Lesions . ....... 208
The Race Against Time .......................... 209
Some Factors Influencing Canalization .................... 210
Directional Influences ........................... 210
Length of Occlusive Thrombus . .................. 210
Previous Narrowing ............................ 210
Shrinkage of the Thrombus and Expansion of the Artery. . ... 210
The Position of the New Lumen .......................... 211
The Luminal Origin of the New Channels.................. 211
Arterial Branches, Canalization and Intimal Vessels.......... 213
Adventitial Arteries and Canalization .............. .. .. ... 214
The Functional Status and Fate of the Smaller Blood Chan-
nels ... 214
“Aging” of Thrombotic Occlusions of the Coronary Arteries... 216
The Functional Significance of Canalization ................ 226
Examples ................... ... .. ... 226
SUMMATY' «.cvvssweme smumins smensnwesemsaoassssusmesssss 227
8. THROMBOSIS AND ATHEROSCLEROSIS . ... .........0unieiinniunnnnnnnnn. - 230
An Essay on the Genesis and Microanatomy of Atherosclerosm
of the Coronary Arteries ............................. 230
Some Technical Considerations in the Examination of Athero-
SClerotic LeSions . ... .......oooooooee 232
Artifacts and Their Avoidance ................. ... 232
Preliminary Observations on the Fibrous Structure of the
Plaque ..... L 234

Crescents, Layers and Thrombus Deposition, Further
Technical Considerations .................... 234



Contents xix

Page
Creéseentic LAyers: -.......c.c.vcicnioininmamsnns 235
Concentric Layers ....................oii... 241

Further Microanatomical Features of Atherosclerotic Plaques 244
Lipid, Intimal Vessels, and Dissection by Intimal

Haemorrhages and Injection Medium. . ........ 244
LIpI siovsmsmmsonmvsnrms sremempnmrmacnmainune - 244
Intimal Vessels ...............ciiiivinennannn.n 246
Dissection by Intimal Haemorrhage and Injection
Medium ......... ..o 248
Changes at the Interface Between Thrombus and Underlying
Intima ........... .. ... ... . . ... B A AR AE D 248
Observations on Thrombi at Sites Other Than the
Coronary Arteries ........ B 249
Interface Changes in the Coronary Arteries ........ 252
Some Features of Established Atherosclerotic Lesions. . .. ... 254
Evidence from 2mm. Thick Transverse Sections: Pig-
mentation . ............ ... ... ... ..., 255
Evidence from Micro-sections: Iron Depositions ... 257
Lipid: Its Nature and Distribution in Atherosclerotic Plaques. . 259
The Nature of Lipid in Atherosclerotic Lesions. . . .. 260
The Distribution of Lipid in Atherosclerotic Plaques 260
Further Points in the “Organization” of Thrombus. ......... 264
Race Between Autolysis and Sclerosis ............ 264
Distribution of Lipid in Relation to “Necrosis” .............. 265
The Origin of Lipid in Intimal Lesions .................... 266
The “Early” Atherosclerotic Lesion . . ... .. e 268
Evidence from Frozen Sections ................... 269
Evidence from 2 mm. Thick Sections .............. 270
Some Other Features of Atherosclerotic Plaques .......... .. 272
‘Cellular Infiltration of the Intima ................. 272
Adventitial Cellular Infiltrations ................. 272
Intimal Calcification ............................ 272
Medial Degeneration ........................... 273
Elastic Tissue .................................. 274

Intimal Vessels, “Vascularization” of the Atherosclerotic
Plaque, and Intimal Haemorrhage ................ .. .. 275



XX The Coronary Arteries

Page

Technical Note ........... ... ... ... ... ......... 275

Observations on Intimal Vessels .. ..... ... ...... .. 275
Comments on the Origin, Significance and Hazards of

Intimal Vessels ........................... .. 280

The Proximate Causes of Thrombosis in Severe Atherosclerosis 282

Ulceration of the Atheromatous Plaque ............ 283

Interference with the Flow of Blood .............. 283

Intimal Haemorrhage and Thrombosis ............ 284
Haemorrhagic Disruption of the Plaque with Extru-
sion of Atheromatous Material into the Arterial

Lumen ............. ... ... 288

Thrombosis Begets Thrombosis ................... 291

Some Concepts of Atherogenesis .......................... 291

(a) The Genesis of “Early” Atherosclerotic Changes 292
(b) The Genesis of the Larger Atherosclerotic

PIAGUSE v svsmsamems wmsgs anbus pmsus i5ia i 296
Summary ... e 300

Appendix
I. Summary of Published Injection Methods . ........................ 303
The Preparation of the Injection Medium ........................ 305
Comments on Preparation of Injection Medium ............ 305
A Special SLETeOSEOPE « v« ws smaus s ws sy amswaswmsmems 28 smeny 53 307
Unfolding of the Basal Block ................................. ... 307
Comments on the Method of Partial Dissection . ................ ... 309
Advantages . ...l 309
Application to General Pathology ......... e g e s £ a s 309
II. Tables 2:2 through 2:5 ...................... P 310
III. Method of Measuring Arterial Diameter on the Arteriograms. ... ... 318
BEPEFORICE 55 cuvis smvaini nea oo £ETES sRYES FHYEE AR B3RS s EIBREHTHS Fuid 320
Author Index ... ... ... . . . . . 331

Subject Index ........... ... ... ... . ... ...l coo.y. 336



THE CORONARY ARTERIES



