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FOREWORD

A question which uscd 0 puzzle me m artemal pathology was how diseased artenes
became narroned  Artenies are elastic tubes carrying 2 fugh nternal pressure which 15
constantly pulsating and we would expect them to give way and ditate when diseased but
m atherosclerosis and certamn other lesions we sometmes find them narrowed almost
to the pomnt of occhuision  Thas was not 2 problem which seemed to exercise other
pathologusts to any great extent since most of them accepted the orthodox reaching that
narrowing was duc to encroachnient on the lamen of the artery erther by degenerative
swellings or by overgrowths of the mumal connective tissue as the hutologeal proture
seemed to show  Nevertheless when arterial function was considered 1t was difficult to
take the picture quitc at ats face value It did not seer hikely that a degeneration or growth
of young connective trssue could overcome the force of the blood pressure and actually
close the artertes agamst 1t and o there remamed the suspicion that some ather process
was involved
A possible solution suggested atself some years ago m the cousse of a demonstranon
of the prncaples of orgamization and canabization of artenal thrombs  In this one saw how
a thrombus could reduce the fumen of an artery and of orgamzed look for all the world
Itke an atherosclerouc thickemng  Thus was born the thrombosis hypothess and from
tts bueth g0 3ts histological confirmanon was an anexpectedly short siep  The first fow
examples of severe coronary disease when ecammed wath the hyporhess i mund seemed
entizely to confirm it Morwover from a study of these and other artenal lesions in which
marrowing was a featuze 2 new principle seemed to emerge to the offect that when
sohid matter 15 deposited 1n the lumen of an attery 1t becomes covered with endothehum
50 that 1t 15 wmcorporated n the intima and forms a thickenmg of the vessel wall
This pnciple has now been confirmed 1n one way or another by a number of observers
but 1t has been left 10 Dr Morgan to undertake a crincal and mdependent examination
of 1t fron the pout of view of coronary discase In the following nronograph he has pro-
sided 3 comprehensive and ¥ thank 1 many ways decsmve spady  On the subject of
thrombosis he has put o words many of the views I myself would hike to have stated and
he has brought out other features — for example the relationshp of mtimal haemorshage
1o fatty change — which are sometsmes forgorten when enology 15 conndered  Above alt
he has grven a ghinpse of what can sull be done m the field of human morbid histology
how old problems when examwed from a fresh vies pout can yield mformation which s
both new and sevolussonary  Coronary atheroscleross we may be sure 1s not the only
such problem calhing for histological and 1t 15 to be hoped that others will
follow Dr Morgan s cample [ personally am much mdebted to hom
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PREFACE

Tius book 15 based on muaterral used for an M D thesis subnutted to the University of
Aberdeen 1 1955 the main burden of which was to offer corroborative evidence for
Professor Dugud s thrombogenic theory of coronary occlusion It 1s theretore nesther 1
primer nor a manual and the sole reason for 1ts presentatton m book form 1s that condensa-
ton to a length appropnate to medical journals would reduce the argument to a series of
dogmatic statements unsupported by evidence

Tlus evidence 1s contaned m the sccond half o the book and 1s largely expressed m
terms of morbid histology as detailed and as fully llustrated as modern taste permuts
since 1t 1s this aspect of the pathogenests of coronary disease that has been (and still 15) most
keenly debated  The earlier chapters arc devoted to the relevant hiterature and ate m-
tended to provide not merely a histoncal background to the present status but an abbrev-
1ated review of the iterature of recent advances 1n other aspects of the pathogenesis of the
discase

It 15 a pleasure to express nry ndebtedness to the following the Governors of West-
mmster Hospital for defraymy, expenditure on matenals and technical assistance Pro-
fessor R J V Pulvertaft for hus exhortaions Mr H N Stafford lacely HM
Coroner for the Western District of London for kindly affording me access to Pohec
records of the circumstances n which several cases of sudden death were taken 1ll to the
Public Relations Department of British Railways and London Transport for statistical
mformation to Dr Peter Hansell and the staff of the Department of Medical Photo-
graphy Westmimnster Hosprtal for assistance with the illustrations to Mr M Cuthbert
for panstaking work with the histology and to Miss D Beasleigh for sccretartal help
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The Rising Inaidence of Corontry Disese

Tre anoual number of deaths duc to coronary occlusion shows no suign of decreasing
Betwcen the years 1049-52 the Regutrar-General s figures* for fatal cases of coronary
ocelu son reveal that the total s rising sharply as compared s3y with all forms of malignant
disease at all ages

Tamz A
Co orary D s ase AL siD e
Ve Female Vale Fple
040 200 1w 6 42190 4008
199 38907 2432 4549 4 11

In the course of four years deaths from coronary occluston have increased by 30 por cent
as compared wath $-0 per cent 1n cases of mabignant disease  Even allowing for the merease
of popul or the greater exg of e duning tho ¢ years they do not adequately
account for the mereased frequency n diagnoss of 3 condition that has been recognized
by the medieal professton for over 2 century and has been widely and energenically studied
darng the Iast 25 years

Confirmation by autapsy was doubtless lacking m a substantsal proportion, and the
Corsoner s pathologist may consider that 3 number of the sudden deaths dagnosed by the
pracutioner on chmeal grounds alone may have bren examples of rupture of xhc aorta
fugh disecting aneurysm  aottic ot
heast bloch but when allowance has been mads for these relatry cly uncommon v.ondztlons
1t 15 stall elear that the figures given above reflect fasrly ty the d
of cotonary disease

The pathologtst 15 hable to sce more of coronary discase than his chmeal colleagues
especally m mdiwiduals who die suddenly during therr first senous attack  Thus at
‘Westrunster Hosprtal duning 2 z0-year peniod (1934-53} 377 autopsies verc pertormed
on ca ¢s dymg of coronary occlusion  Of these st were sudden deaths — 3 ¢ m persons
gowg sbout their datly duties or walking m the street whe wete suddenly taken il and
died at once or in the course of a few minutes The great majorsey of these died before
they reached hospital the remamder mn the Casualty Department  Onc bundred and
twenty- X y cre patrents admutted to hospual with 2 previous hustory of coronary m-
sufficiency o a known myocardial infarction or who had survreed their finst attach long
enough to be dragnosed, clinucally ot by electrocardiogram  Three hundred and thusceen

“The Reg trrGe ral Soit ¢ ol Retw (Digland and W 1 { tle Sear 1g33 Tableg Internatonal? ¢ fios,
e a5 vds o HA Stoonery O Londo 1054

g9
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THE PATHOGENESIS OF CORONARY OCCLUSION

were males 64 fernales 71 per cent of the males were brought m dead as against 44 per
cent of the females At the beginmng of this 20-year period deaths from coronary discase
constituted 1 3 per cent of the total number of autopsies performed  this figure steadily
mncreased to 77 per cent 1n 1953
The greater frequency of sudden death i males may tn part be duc to the geographical
situation of Westrmnster Hospital 1n the heart of a metropolis where stress and strain are
the rule and withm a short distance of Victoria Station through which more than 150 0co
people of all ages pass daily  As will be shown later however there are indications that
therc 15 httle relanonship between heart ateacks and the act of running to carch 2 bus or
tran In fact the frequency and the sex meidence may derrse from an 1merant and pre-
domnantly masculine multtude equivalent to the population of a large town beng
concentrated 1 and around Victora twice daily
In view of the figures quoted 1t 15 remarkable that although the nature of atherosclerosts
to which 95 pur cent of the cases of coronary occlusion are still attributed (Fartman and
Hellerstern 1948) has been debated for upwards of a hundred years opinton s suill sharply
divided as to the ongmn of this hughly lethal discase  The role of cholesterol metabolism
was long regarded as fundamental i the cvolution of atherosclerosis but 1t 1946 Dugind
revived the teaching of Rokstansky by suggestng that the apparently atherosclerotic
obstruction of coronary vessels could be more satisfactorsly explamed by mterpreting the
appearances as the late result of mural thrombosis The port 1s of considerable importance
since adoption of the thrombogenic theory must inevitably modify the present approach
to actiology and treatment  To sct the argument 1n 1ts context however 1t 1s necessary to
dip nto the hterature of the past
Before domg so 2 word on the termmology adopted wall be appropriate The concept
of atheroma as a purely mtimal Jesion 1n the form of rarsed discrete plaques 1s vahd when
applied to a large vessel like the aorta In the coronary artenes the degree of thickening of
the vesse] wall 1s often severe enough to convert whole lengths of 1t mto 2 ngid tube wath
calafied walls and an atrophic or partially absent media It 15 still arguable whether such a
change s the result of lipid deposits or organized thrombosts and the term atherosclerosis
1s employed here to designate a hardening or thickening of the vessel wall m which the
fibrous and Iipid elements of atheroma are recogmzable  This 15 the sense i which
Marchand imtroduced the term m 1904
To avoid arcumlocution the unswstable but conventene expresston  atheromatous
abscess has been retained to designate a focus of fatty softening m an atherosclerotc
plaque It 1s at Last sancnoned by usage whercas more rational terms — e g athero-
cheuma (Leary 1936a) — have not been widely adopted
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Early Observations on Coronry Sclerosss

Consmrring the unuversal and lethal nature of coronary occlusion s recogminon by the
medical world and the clucidation of its acnology have been surprsmyly tardy  Thus
Harsop (1649) despite the brilhance of Jus observanons on the cireulation of the blood
fatled to comprehend the nature of Sir Robert Darcy s chest paws and attnbuted the rup-
ture of hus Iuft ventnicle {almost cestainly the resule of myomalaca cordis) to ‘an umped-
ment to the pa sage of blood from the left ventnick mto the arteres

In a valuable and scholarly reviey of the eatly lterature of angma pectonts Huchard
(1880} quotes Hustrions sufferess such as Seneca and Louss XIV m whom however the
evidence 1 wholly symptomatic This same author credits Drelucourt {1700} with the
first observatsons ou the pathalogy of coronary sclerosis

Three years fater the ltaltan anatarmst Bellen and the German Thebesius mdependently
secordrd obscrvations on calcification ot the coronary artenes Thus, Bellm Vidun 1ios
lapident aduatunt vamns coronarus majonbuns gua deviim @ sunstro ventrienlo dwmime
{We abserved 2 stone next to the mawn coronary branches whith separate the nght from
the left ventacle) and Thebesms Tz Lipotar videre conngit ramos majores artersarsmn
corde humane per comevam superficem ad o pdon decurrntes hue dlie v parte osseos
redditos et ex parte tantum membranaccos swsse (Thus at Leipzig one happened to see
the matn arterial branches to the human heart ranniag over 1ts surtace towards the apex
rendercd bony m part here and there and 1 part membranous)

Easly con ments on the relation of coronary sclerons to cardiac symptoms were made
by Susac {1749} and Morgagnt (r761) The former who was the consultant physician to
Lows XV performed an autopsy on a certan fnar who was subject to palpitations
Lus artercs corouares etorent ossifices elles formosent des sameann somblables o des branches
de corarl

More deiaded and certamly more clebrated s the extract from the De Sedibus of
Morgagns m which he records the chncal bustory of a Venetian woman who had a hustory
typseal of angina pectons and died m 1707 at the age of 42 A conortasss corpons motshus
wgruebat mole tus qudam angor snitra superiorum sthorans ssmistrams parton s spirandy
difficuleate et sistre brachn stupore gua, onwsa whe worws ddle cessareut factle remutrebant
(A cettamn unpleasant pam sn the left upper part of the chest accompanted by difficulty an
breathing and nunsbness m the left arm became worse on violent bodily movements all
of which readily subsided when these movements ceased)

An autops/ was Pe(tormcd l/"lpll_""ﬂ rutiesiin "1[{]0"5%’“ ramos apemuml: "
dloque ab ipsa onguie pone sumhinares sahulas quae durac buc dllic erant et com futnn
ossis utus ad thacas nsque ariunas deserspts stia amneads ecanas {We opened the whole

$



THE PATHOGENESIS OF CORONARY OCCLUSION

faortic] trunk and its mam branches and 1n that branch at sts very ongin behind the
senulunar valves which were hardened here and there wath early bone formation we
observed the lesions described nght up to the ilic artertes)

The term Angina pectoris was suggested by Helerden who described the symptoms in
1768 1n a paper read to the College of Physicans  He was uncertan whether the malady
was scated tn the sternum or more deeply and lamented the fact that the sudden death of
Tus patients prevented hus attending an autopsy on any of them In 1778 however Jenner
wrote a letter to Heberden on the subject of their common friend John Hunter who had
been having anginal attacks for scveral months Jenner offered s views on the pathology
of the conditton based on two recent autopstes

In the first of these I found no matenal disease of the heart except that the coronary
artery appeared thickened  As no notice had been taken of such a circumstance by anybody
who had wntten on the subject I concluded that we must stll seck for other causes as
productive of the disease but about three weeksago  we found the same appearance of
the coronary arteries as m the former case  But what I had taken to be an ossification of
the vessel iself Mr P * discovered to be a kind of firm fleshy tube formed withm the
vessel with a considerable quanuty of osstfic matter deposited srregularly through 1t

Jenner considered st possible that all the symptoms mught anse from this one circum-
stance and concluded by asking Heberden s advice as to whether he should communicate
the 1dea to Hunser 1n view of the latter s condition  This hustoric letter was never posted
and was found later among Jenner s papers He did however record his views in a second
Ietter to Parry who reproduced it verbatim years later (1799) In thus Jenner recalled that
he saw lus first fatal case ot angina pectonss when he was 23 The autopsy was performed
by Hunter tn 1772 and subsequently published by Heberden but on that occasion wrote
Jenner the coronary artenes were not examed The letter goes on to describe the two
autopsies referred to above the writer adding that on the second occaston he had taken a
wager with his collcagues that he would find the coronary artenes discased

Jenner 1s thus the first British pathologist to have understood the relation between
coronary sclerosis and angmna pectons He deferred publishing his conclustons out of
constderation for his mentor John Hunter and those colleagues to whom he privately
communicated his beliefs rejected them  After Hunter s death n 1793 however Jenner
had the sansfaction of recewving a letter from Home who had assisted at Hunter s autopsy

freely admutting that the coronary arteries were considerably osstfied and concluding
with the remack  thus case 15 very much n favour of your theory

Some years after Heberden s account of Angina Pectons Fothrgill (1776) published full
details of two fatal cases wath autopsy reports In the first of these the heart revealed a

small crcater near the apex but there 1s no mention of the coronary artenes The sccond
autopsy was performed on March 14th 1775 by John Hunter who wrote ‘The two
coronary artenies from their ongim to many of thair ramuficanions upon the heart were
become one prece of bone - Howeser he made no comment on this finding in relation to
the symptoms nor did Fothergill m the diccussion that followed and there 1s no wntten
#A Paytherus.
-




EARLY OBSERVATIONS ON CORONARY SCLEROSIS

EDW ARD JANNER (1749-1823)

Mezzot 1 t by Jobn Raphacl Stasth (1752 1812) From an mpres on n the Wellcome
Hico cal Medical Muse m
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EARLY OBSERVATIONS ON CORONARY SCLEROSIS

evidence that Hunter ever surmused the nature of the pathology of the disease that was to
kill lam  although he did describe 1n some detail hus symptoms to hus son-m-law Everard
Home (Home 1791)

After hus death however some misunderstanding arose on this score and 1n 1815
Hodgson wrote that Mr Hunter and subsequntly* Dr Jenner and Parry ascribed the
symptoms of angina pectorts to the deposition of calcarcous matter n the coronary arteries
of the heart wherchy the stream of blood destined for that organ is so much dimuinished
that 1ts substance degenerates and wastes 1ts muscular power s lessened and ultimarely
15 msufficient for the purposes of the circulation

Butf Hunter ever did suggest such a theory by word of mouth 1t1s odd that Matthew
Balhe Tus nephew and pupil should make no mention of 1t i the second editton of his
Morbid Anatomy published four years after his uncles death yet 1n the thurd edition of
1807 he added a section on the relation of coronary ossification to angina pectons referring
the reader i a footmote to Jenner s letter to Parry published 8 years earher

Hadgsan gocson to observe that coronary scleross 15 not present in cvery case of angina
which may also cccur with cardiac or aotic aneurysm  He has this to say on the actiology
of atherosclerosis i general  The frequency of the deposition of calcarcous matter mn the
arterses of subjects advanced m life has been a cause of much speculation and some have
concerved that m such instances 1t ought not to be regarded as a disease but as the natural
effect of protracted existence  Were this however the case we should expect that ats
extent would be proportionate to the age of the subject which 1s by no means the fact
for i the few recorded mstances of longevity which have been accurately exammed this
condition of the blood-vessels was not very remarkable  In a footnote he adds On the

otherhand calcareous matter 1s sometimes depostted 1n the artenes of very young subjects
* My tales
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The German School of the Nmeteenth Century

IN the hundred years that followed the pathogeness of coronary sclerosis was only one
facet of the widcr problem of atherosclerosis as the medieal honizon came to be dominated
by the great Corman school of morbid histology I view of recent pubhications the
opimons of 1ty founder Rokstansly are of particular mterest today In his Vannal of
Patholorcal Anatomsy (1841-46) he says of atherosclerosss It consists 1 an cxcessive
formation and dcposition of the lining membrane of the artery dertved from the mass of
the blood and at the same time consticutes hypertrophy of this membrane A fauly
accurate account of the gross pathology follows including obscrvations on 1ts frequency
at bifurcations or around the mouths of branch arterses  Therc 15 a comment on the m-
creased vasculanty of the adventitia but as the sertes may have included syphihuc artencs
this observation 1s of dubious value

In constdering, the actiology he notes the importance of age dismusses inflammation and
regards the advenumal reactions as sccondary phenomena  The deposit he states flatly
15 an endogenous product derved from the blood and for the most pare from the fibrn
of the artertal blood  The underlying cause of the fibrinous deposit he regards as a parti-
cular type of blood-crasts

The deposition continuously mcreases 1 thickness by addiion of new strata he con-
tinues  Vascularization of the plaque from the lumen was known to him for he describes
a system of fine canals mn aorac plaques which convey blood from the lumen to the
mtenior of the plaque but do not appear to link up with the adventitial vessels These
canals are undoubtedly the result of partial resorption i the deposit  very lkely
the same process which we have noticed 1 a fibrinous coagulum in the heart where 1t
rendered the coagula porous and caused them to acquire 2 cavernous structure

The plaque then undergoes (1) an athcromatous process and (2) ossification In the
former he describes pultaccous softening wath fatty globules cholestern crystals and
calcium salts hable to rupture by the force of the blood a process apt to be followed by
fibrimous vegetations on the surface The presence of blood or haemuc prgments 1n a
softened plaque 15 regarded as the result of penetration from the lumen

By ossification he means simple calafication which he adds may coewst with
atheromatous softening a view not widely shared at that tme Rokatansky had also
observed that artenes arc affected to an unequal degree the aorta being more frequently
mvolved than the femoral artery the coronaries than the brachul artery while some
vessels are barely affected at all

Rokutansky s mam thests of fibninous deposition was criticized by Virchou (1856) and
thereafter fell mto disfavour  Virchow distingusshed carefully between fatty mfiltration

10



THF GERMAN SCHOOL OF THE NINETEENTH CENTURY

{ farty nsure ) which he desenbed as a degeneration of the connective ns<ue cells below
the lming endothehium of unknown ongin and atheroma which he regarded as a tatey
change occurnng n the deepest part of the mtima and separated from the tumen by a
layer of conncctive tissue As this fibrous laver was directly continuous wath that of the
healthy muna at the margus of the phque he rejccted Rokatansky s theory of a surface
deposnit presumably beng unaware of the rate of regeneration ot endothelm and elasuc
tssue

He added an interesting note on cholesterol {1858)  We sce m every case where fatry

products raman stagnant for a considerable trme wathin a closed caviry 1 whch but bule
mterchange of matter can go on that the fat sets free cholesteanme  He held that chole-
sterol-formation was a late mamfestation of atheroma and profes ¢d ignorance as to
whether 1t previously existed i combmation with the fat or whether a new formanon
had occurred an the depo 1t Atheroma 1n Virchow s view was a chronic inflammatory
disease of the intima {(Endartentis chronica deformans) At a fater date he came to postu-
fate a blood dvscrasia as the underbving cause  His final views weee elaborated by his
pupd Ruadflessch (1867} who belteved that mechancal factors play a part mn determning
the Jocalization of the plaque on those parts ot the vessel wall exposed to the full impact of
the blood  Other factoss are age alcohol and loose fiving

Rundfletsch explained the sequence of events thus first there 1s an overgrowth of fibrous
nssue of mflammatory ongin Then snce the intima 15 avascular thickening leads to
malnatntion of the decper layers followed by fatty d ath tou:
abscess-formation and ulceration

For the next 40 years Virchow s concepnion of atherosclerosss prevailed a conspicuous
hereuc beng, Thoma {1883) who beheved that the mtimal changes were secondary to
discasc of the media Weakening of the vessel wall by pressure of the blood he argued
causcs the media to bulge outwards with the formation of shallow pouches In the course
of a few months these are blled up by connective nssue thickening of the mtima mn order to
restorc the lumen to sts normal size and shape The disease 15 progressive however and
further stresching canses necrosis 1 the plaque with swelbng probably due to the absorp-
nion of flud and the plague comes to project mto the fumen  Atheromatons softening of
the hyaline portions follows Thas unorthodox theory has been penodically revived
(eg Bork 19.6 Cranford d Letere 1953)

Meanwhule the effect of coronary occlusion on the myocardium had been stadied by
Crnretlluer (1852) who observed gangrune foll calcareous mfib of the
mouths of the discased vessels Tt 15 surpnsing m view of the mjection expenments of
Thebeswis and Morgagm more than a century before that he should have considered the
coronary arterics as incapable of affording a collateral circulation  In 1880 Wogert ad-
vanced the view that sudden coronaty occlusion causes myocardial mfarction while
gradual natrowing leads to replacement fibrosts

Manc (1896) showed that cardiac rupture cardiac ancurysin and certam forms of myo-
cardial fibrosis arc all the result of obliteration of the coronary umen  He msisted that
atheroma alone even if severe ot calafied 15 not enough to cause mfarction and that
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THE PATHOGENESIS OF CORONARY OCCLUSION

careful dissection wall always reveal total occlusion of one of the main coronary branches
He differed from Waeigert on the evolution of myocardial fibrosis believing that if the
collateral crrculation 1s good  the resultant fibrosis 1s patchy and massve sf1t1s not butin
aither case the fibrosis 15 the result of necrosts following sudden occlusion of a large
branch

The era of static microscopy ended wath Jores (1898 1903) who emphasized the sigmfi-
cance of hyperplasia of the clastic lamina in artenal discase Smee the days of Lobstewn (1833)
who mtroduced the word  artertosclerosis had been regarded as a thickening of the arter-
1l walls sontetimes but not necessanly associated wath atheroma or calarfication  Jores
however proposed that its usage should be linuted to mtimal hyperplasia accompanied by
prohfiration of the musculo-clastic layer as distinet from atheroma  which he regarded
as a purely degencrative phenomenon charactenized by fatty change

Klotz (1906) pomted ot that after all arteriosclerosis wasa chncal term too and there
was a danger that chincian and pathologist mught usc the same word 1n a different sense
What was worse people came to think of atheroma and artertosclerosis as two quite
different discases (e g Put 1908) and this resulted in a muddled nomenclature for many
years to come  Marchand (1904) had suggested the hybnd atherosclerosts not so much to
avord this confusion as to emphasize the frequency wath which hy perplastic and degenera-
tive changes are found m the same vessel the term however has not met with unnversal
acceptance
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E\penmcnt'd AC}XCYOSCICEOSIS

Iy was about thus nime that expenmental atheroscleross became 3 teabity  Early sttemprs
to induce lestons by traumatizing the vessel m various ways had done letle but cause
ngmal fibrosis probably post-thrombotic  This work 15 brwefly reviewed and dismused
by Rlotz {1906)
1903 Josue by grving rabburs repeared wmjectrons of adrenabin obtamed changes n the
t laorta bling caleified ath ! But a closer microscopic study con-
vinced Fischer {1905) that they were essentially medial in ongn first farty then ealcareous
and that any smtemal duckening sas 1 the nature of a secondary and compensatory pheno-
I)nenon Today these changes would be considered analogous to the sclerosss of Moncke-
erg
Kotz {1906} mnjected variows straws of bactena sntravenously mro rabbits and produced
muna] lesions which Saltpkow {1908} who repeated the expenmments clhimed to be very
Iike those of human atherosclerosis — rased yellow plagues single or confiuent throughout
the aorta and particutarly wnolving the movths of the mtercostal antenes Microscopse~
ally the mtima and the inner layer of the medwa contamed fine fat droplets later taken up
by phagocytes  The fatty sccumulation was often covered over by a fibroblastic prohifera-
tion just beJow the endothelum hamg the vessel  Other changes were mucod degenera-
ton proiferaion of fine ehasuc fibnds and on one occanion endafication
Saltykow regarded the fibrosss a5 mflammatory 1 ougin and helieved fus expenments
supparted the theory of an mfective ongin 1 human atheroselerosis However n the
followmg year Ignatou shi (1909) produced comparable intimal lesions by feeding rabbits
on a diet of mutk meat-extract and egg-yolk The aorne plaques took some ume to evolve
and were accompamsed if not preceded by arthotic changes m the hver a type of neph-
ntts and hyperteophy of the adrenal glands M. prcally the ch smtmsl
lesion was an accumulation of Jarge cells with a foamy cytoplasm
As the protem mtake of a rabbit 15 normally low Ignatowsha attnbuted bis results to
protewn meonication  They were confirmed by Staroladamsky and Ssobolow (1909) who
faled a1 the same time to reproduce Saltykow s findings also by Stukkey (1910} and Falr
(191.) Stukkey by feeding rabbus on comk of ik egg-white egg-yolk and
meat extract was able to show that the aortic lesions were most severe m ansmals fed on
an egg-yolk combmation  He later (1912) was able to produce simsfar lesions by feeding
ov-bratn to rabbits
Falir suggested that Saltgkow s results were due not to the bacturaf agency but to the
mfh on which they were fed and for many years hnde more vwas heard of the mfecuve
theory of atherosclerons  Chalaton {192} fed egg-yolk to rabbus and observed lipid
3




THE PATHOGENESIS OF CORONARY OCCLUSION

deposits 1 the Iiver and aortic muma which he suggested were largely cholesterol an
observation which Hesselkin (1913) was able to confirm

The obvious mference now was that the rabbit lesions were due not to protein but to
cholesterol which 1s m considerably greater concentration m egg-yolk than in the other
protemous foods admimnstered  Accordingly Amitsclikon and Chalatou (1913) fed rabbts
with cholesterol dissolved 1n sunflower seed o1l over a long period and were able to re-
produce consistently severe atheromatosis of the aorta and lipid infiltration of the hver
spleen and adrenal glands each of which contamned cholesterol

Microscopically the mtima showed first of all fat droplets mostly amsotropic and with
the thermal reactions of cholesterol  These lay m the subendothelial ground substance and
did not involve the linmg endothelum  Later on leucocy tes and large foam-cells appeared
the latter contaming anisotropic iprd  The vamety of mtermediate cell forms led the
authors to conclude that the foam cells were storage cells derived from the lymphocytes
and monocytes of the blood claborated to deal with the excess of cholesterol infiltrating
the mtima from the blood-stream  Subscquent breakdown of these cells led to an extra-
cellular accumulation of hpid  Mature lesions showed degeneration of the subjacent
clastic lamella and the formation of a finc elastic network 1 the plaque  Sometimes the
underlying medsa also showed degeneratve changes Finally fibrous thickening of the
mtima took place and as a result of damage to the elastic lamella dilatation of the whole
vessel

This work 15 quoted 1n some detail because 1t was a distnct mulestone m the study of
atheroscleross  The normal rabbre diet 1s chol sl-free and sp atheroma 1s
very rare in rabbuts (Stesmbiss 1913 Nuzum et al 1930) Sull since all ammal cells contan
cholesterol the rabbit must be provided with some metabolic device for synthesizing 1t
(Schonhctmer 1931) ‘The rabbit s metabolism appears to be mcapable of dealing with
large amounts 1n the diet and the entire reticulo-endothelial system becomes saturated
(Schonhetmer 1924) ncluding the aortic ntima through which the excess liprd infiltrates
from the bloodstream causing atherosclerosis The ammals all have hypercholesterolac-
mua though the degree of atheroma 15 not proportional to the dosage of cholesterol
(Wacker and Hueck 1913) It has smce been shown however that it 1s approamately
parallel to the degree of hypercholesterolaemua (Pollik 1945) Finally while some
other expertmental ammals — e g gumea-pigs — are susceptible to feeding experiments
(Amtschkon 19.2) others— eg whte rats — are not presumably owing to a different
type of cholesterol metabolism (Amitschlon 1913)

The sigmficance of all thus Lies 1 the fact that by feeding cholesterol to animals unused
to 1t lesions closely resembling human atherosclerosis can be produced the first stage of
which appears to be a fatty mfiltration and not a primary degeneration as had hitherto
been supposed 1 the case of human lesions this being so the metabolic factor 1 human
atherosclerosis acquired a new significance from that date

The seeds of tlus theory had already been sown It had been claimed by Ribbert (1904)
that plasma contaming hipid mfiltrates the vessel wall and instiates atheromatous changes
a view that must have influenced Aschoff who was present at the lecture as he later (1907)
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EXPERIMENTAL ATHFROSCLEROSIS

wrote that the cholesterol an atheromatous plaques was denved from hpid mfitravon
from the arculaung blood  Lemowe (191.) had expounded the theory that the bipid
depostts i hiuman arteries are due to an excess of cholesterol n the blood and now
Autschkow s expeniments gave a practical foundation to these concepts
The smphcations ot this spate of expenimental activity profoundly wfuenced the
approach to the problem for the mext 20 years Anmschkows observations were
repeatedly confirmed — e g by Buly (1016) who gave the first account of cholesterol
2 i m Englsh  Modifi of the fiedng method narrowed the gap be-
tween expenmental and human atherosclcrosts  Sorff (39.7) showed that by feeding
cholesterol to rabbits for 7 months followed by 6 months ot cholesterol-frec diet the
patches formerly nch i hpid became fibrous  He also showed that ditarv atherosclerosts
m the rabbit s aoeta could mvolve the mouths of coronary arterses  Amuschloun (19..8)
descrsbed an detail the regresstve changes 1 the lesions of experumental ammals fed over 2
penod of 2-3 years
But although the wnnlanty between human and experinental lesions scemed clearly
blished doubts d about the pathag Aschoff (1914) while admutng the
Aahdiry of Amtschbow s results was unable to accept the dea that the process in man was
simply an overloading with lipid and formulated a theory which involved un additional
mechanical factor  He held thar funcuional wear and tear and oversteetching of the elastic
cause a Joosenmg of the ground substance of the innma tollowed by rcactive prohiferation
of lastic tissuc but at the same ime permtting hpid o permeate the moma  The Janer
1s taken up by phagocytes causing a cellular reaction Continued swelling of the ground
substance and accumulation of hipid lead to « secondary degeneration with breakdown of
foam cells and the formation of cholesteral esters  Fatry acsds are sefeased which combime
with calesunt to form wdurated plaques
Thus atherosclerons {wrote Aschoff) s the result of diverse causes and the process may
be accelerated by sccondarv factors such as diabetes or hypertension  In the Lane Lecture
{(Aschoff 194} he went further and disungusshed between the atheromatosts of youth an
mfiltrative change which he regarded a5 largely reversible and « herosclerosts m the second
half of hfe wath wreversible nssue changes produced by the secondary degenerative
breakdown mentioned above Dugind (1926) suggested that the localizauon of lesions
around the mouths of branch artentes was duc to a shearng stress occasioned by over~
stretchuing the main vessel
At least one fairly obvious contrbutory factor was hypertension and Anuschkon im-
self (1914) now showed thar 1 the blood-p evoked by p
of the rabbit s abd l 2orta or by susp by the legs or by imjecnons of adrenalin
when followed by cholesterol feeding, would produce atherosclerosts cacher or with
smaller amounts of bpid m the dier The feeding expeniments of Fa ¢k {1915) 2lso sug-
gested the presence of some toxac or mechanieat factor
Ssolotegew (1932) by first traumatizing, the carotid art~ries of rabbits and then feeding
cholesterol demonstrated that the injured mnima was more prone to hpid infiltranion than
the adjacent healthy vascutar lming  The mportance of local factors 1n duternuning the
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tance foragn o 1y di t Other anuns ful to respond only because therr cholesterol
mictabolist 115 adequate

Tnany case fow will dery that the cholesterol feeding expernrents have grenatremen
dous tmpuws to rescarchion theroselero 1 nd the method s sull widely used m the assess
ment of contributory factor O drawbach has been the nme taken m the evolution of
the losions but n reecnt veaes B s of ol (1949) have shown that intravenous injeetions
of colloidal cholesterol will produes qu cher results wath Jess liprd ndeed P 1k (1953%)
thiks the eosulung Jesions aee more hn human plaques than those mduced by the feedng
technique



EXPERIMENTAL ATHEROSCLEROSIS

wrote that the cholesterol m atheromatous plaques was derved from hpid filtration
from the arculating blood  Lentome (191..) had expounded the theory that the hipid
deposits m human arteres are due to an excess of cholesterol i the blood and now
Antschkow s expeniments gave a practical foundation to these concepts
The 1mphcations of this spatc of experimental acuvity protoundly mnfluenced the
approach to the problem for the next 20 years Anutschkows observations were
repeatedly confirmed — e g by Baley {1916) who gave the first account of cholesterol
atherosclerosis m English - Modifications of the feeding method narrowed the gap be-
tween experimental and human atherosclerosis  Scarff (19.7) showed that by feeding
cholesterol to rabbuts for 7 months followed by 6 months of cholesterol-free diet the
patches formerly rich in lipid became fibrous  He also showed that dietary atherosclerosis
1n the rabbit s aorta could mvolve the mouths of coronary artertes  Anschkon (19.8)
described m detail the regressive changes in the lesions of expenimental antmals fed over a
period of 2-3 years
But although the sinilanty between human and experimental lesions scemed clearly
blished doubts d about the path Aschoff (1914) while admtting the
validity of Anstschhow s results was unable to accept the 1dea that the process in man was
simply an overloading wath lipid and formulated a theory which mvolved an additional
mechanucal factor He held that functional wear and tear and overstretching of the elastic
cause a loosening of the ground substance of the intima followed by reactive proliferation
of clastic tissue but at the same tme permutting hpid to permeate the mima  The latter
1 taken up by phagocytes causing a cellular reaction  Continued swelling of the ground
substance and accumulation of lipid lead to a secondary degeneration with breakdown of
foam cells and the formation of cholesterol esters  Fatty acids are released which combine
with calerum to form indurated plaques
Thus atherosclerosis (wrote Aschoff) 1s the result of diverse causes and the process may
be accelerated by secondary factors such as diabetes or hypertension In the Lane Lecture
(Aschoff 1924) he went further and distinguished betw een the atheromatosis of youth an
mfiltrative change which he regarded as largely reversible and atherosclerosis n the second
half of Iife with ureversible tissue changes produced by the dary d 1ve
breakdown mentionied above Dugmid (1926} suggested that the Jocalization of lesions
around the mouths of branch arteries was due to a sheaning stress occastoned by over-
stretching the mamn vessel
At least one fairly obvious contrbutory factor was hypertension and Amischkon him-
self (r914) now showed that 1 the blood-p evoked by compression
of the rabbit s abdomunal aorta or by suspension by the legs or by mnjections of adrenalin
when followed by cholesterol feeding would produce atherosclerosss eather or with
smaller amounts of hipid m the diet  The fecding experniments of Knack (1915) also sug-
gested the presence of some toxic or mechameal factor
Ssolongen (1932) by first traumatizing the carotd artenies of rabbuts and then feeding
cholesterol demonstrated that the mjured mtima was more prone to lipid mfiltranon than
the adjacent healthy vascular lning The importance of local factors mn determuming the
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site of the lestons was also demonstrated by Harnson (1933) who admmstered reradiated
ergosterol to rabbits 1n order to produce a patchy calcification of the media and then fed
cholesterol to evoke atherosclerotic plaques The two lesions occurred independently and
were situated alternately 1n the vessel s circumference without overlapping By reversing
the order of the experiment he produced the same result  As both types of leston reduced
the mobility of the vessel wall he concluded that disorderly movement was a factor m
therr localization
In a later experiment mvolving lumbar sympathectomy to cause persistent arterial
dilatation 1 one hind limb  Harnson (1930) found that cholesterol feeding caused more
extensive lesions on the affected side He considered that this result lent some support to
Thoma's theory that atherosclerosis 1s sccondary to a weakness of the underlymg media
A mmonty rejected the role of cholesterol even m experimental atherosclerosss ¢ g
Newburgh and Clarkson (19.3 1926*) who argued that Saltykow s rabbits had been fed
on milk which has a low cholesterol content bue 1s rich m protem nevertheless the lesions
that followed containcd as much cholesterol as those of Amitschhow s expennments In
their own experiments Newburgh and Clarkson produced hypercholesterolaerma and
aortic lesions in rabbits by feeding lean meat with a cholesterol equivalent of only one-
tnth of that requircd to produce atheroma by feeding cholesterol alone  The hyper-
cholesterolacmia they attrbuted to a metabolic disturbance evoked by the tovic mfluence
of a lugh protem diet
The mfective theory too was revived by Bunson et al (1931) Noting that septicacmia
1n the young may be accompanted by fatty infiltration of the aorta and that streptococcus
vindans had been recently recovered from the clots n certam fatal cases of coronary
thrombosts they mjccted streptococet mnto rabbuts and fed them wath cholesterol  Thus
produced small innmal thickenungs mostly fibrous whercas the control ammals fed on
cholesterol without bactenal mjection showed nothing  They therefore concluded that
mfection plays an mportant part 1 precipitating cholesterol on the inflamed walls of
attenies Jones atd Rogers (1934) also found streptococct m the walls of sclerotic coronary
vessels and mamtamed that chrontc sinusttts was a factor 1n the disease  These views find
Iittle favour today
A champion of the cholesterol infiltration theory of human atherosclerosts was Leary
(1934) who found the aortic plaques of youny, people dentical with the expertmental
lestons m rabbits He formulated the theary that m youth the cholesterol 1s largely re-
absorbed and replaced by fibrous ussue but that the cholesterol metabolism of the aged 15
defective and the ipid lates to form ather 1s ab and ulcers - lestons
by the way not observed 1n expenmental atherosclerosis Later (1935a) he elaborated this
theory stating that mulk and eggs are foods intended for the embryonic or infant stage of
ammal hife and that prol g of such suk leads to ath Man he
declared 15 the only “ammal that ingests eggs and mulk dunng a hfcame  Man 1s also the
only arumal that dies 1n carly ife from coronary sclerosis  The mference mtended to be
drawn from thus fallacious syllogism 1s obvious

* See Clatkson and Newburgh (19 6)
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Leary s pamstaking studics of youthful human lesions (1936a) led him to conclude that
the first change 1s the appearance of fine neutral fat droplets in the ground-substance of the
mtma  These are tahen up by globular lipophages situated near the surface 1 which chole-
sterol droplets are seen m ester form  These cells migrate by amocebotd action to the deeper
layers where they disintegrate and deposit their contents  The cholesteral 15 then taken
up again tius tune n crystafline form by phagocytic fibroblasts — branching amocbord
cells which Leary terms fibrolipophages — atter which the lipid foses 1ts amsotroptsm and
disappears altogether The fibrolipophages which show no tendency to dismtegrate Iike
tharr globular equivalents now revert to fibroblasts and form a loose reucular tissue In
old age globular lipophages only arc scen and the hipid tends to accumulate to form
atheromatous abscesses with a minimal reticulin response

In a later scries of experiments on rabbits Leary (1941) modified thesc views He was
able to photograph foam cells apparently entening the aortic ntima from the lumen
Since simlar cells can be demonstrated m the amimal s liver adrenals and pulmonary
capiflanies he suggested that the cholestero! after being absorbed by the gut 15 esterfied
m the liver and the excess stored in the Kupffer cells These then migrate meo the blood-
stream and are conveyed to other organs including the aornc inuma  These foam cells
besides being amocbord are tissue 1mtants and causc tibrosis i the hver as well as in the
aornc plaques

The theory that the foam cells arc conveyed to the plaque by the bloodstream has
suffered a reverse following the observation of McMillan and Duff (1948) that mutotic
figures are not uncommon 1n pure foam-cell lesions strongly suggesting that most 1f not
all of these cells anise 1 sitn However their irntant effect 1s supported by the work of

Christianson (1939) who showed that sf various fatty substances are mjected nto the femoral
arteries of dogs most of the mjected matenal is rapidly absorbed but the cholesterol tends
to remain and to provoke a fibrous reaction  Leary (1944) beheves that after the foam cells
have disitegrated the fibroblasts come to contan an excess of fatty acids 1n which the
cholesterol 1s dissolved  The lipid then disappears from these cells which return to normal
leaving only a fibrous thickening  In this way regression of the athcromatous lesions may
occur

In a notable survey Duff (1935) cnincally examuned the relation of expenmental athe-
roma to human lesions  Among other things he stressed that (1) the expenimental fesions
ate produced by feeding a substance not ordinanly in the rabbit s dict and m an ammal
not normally susceptible to atherosclerons (1) age 15 ot 2 factor w the rabbut lesions

(3) only certamn experimental amimals will develop the disease (4) hypercholesterolacma
and cholesterosss of certain viscera are constant and necessary conditions for the develop-
ment of vascular lestons  He thercfe tuded that while chol 1 might be a factor
i human atherosclesosis there must be some add 1 clement probably
which determines the focalization of the lesions

I cary (1936b) replied that the absence of spontancous atheroscleross in the rabbit made
st an1deal experimental antmal and that the saturation of 1ts blood and rcticulo-endothelial
system following cholesterol feeding were ssmply due to defective metabolism of a sub-
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stance forcign to 1ts dict  Other ammals fal to respond only because thetr cholesterol
metabolism 1s adequate

Inany case few wall deny that the cholestcrol feeding experiments have grven a tremen-
dous impetus to rescarch on atherosclerosts and the method 15 still wadely used in the assess-
ment of contributory factors  One drawback has been the trme taken 1n the evolution of
the lessons but m recent years Berans et al (1948) have shown that intravenous imjections
of collordal cholesterol will produce quicker resules wath Jess ipid indeed Pollsk (1953a)
thinks the resulting lesions are morc Itke human plaques than those imduced by the fieding
technique



v

Fatty Strenhing and Atherosclerosis

Tis 15 2 conventent occasion to discuss the relation of the fatry streaks that are commonly
found 1n the aortic ntma of quite young subjects lyng tmmedately below the hung
endothelum  Virchou (1856) had regarded them as a degencrative process of unknown
ongwn differing from the more deeply placed tatty accumulations ot athcroma which he
behieved to be post mflammatory ~ fores (1903) observed an accompanying connective
tissue prohiferation and was the first to believe the process to be merelv an early stage of
atheroscleronss  Astanazy (1907) agreed but thought the carly streaking was a reverstble
process capable of complete regression m muld cases
Klotz and Manping (1911) observed that fatty streaking 15 common in voung subjects
suffering from acute mfections The process starts with oedema of the subendothelial con-
nective ussue and musculo-elastic layer followed by the appearance of spindle-shaped
cells contaming far droplets some of which are amsotropic  Fibrous thickeming of the
subendothelial laver follows and although the fat mav be cventually absorbed a certam
amount of fibrosis always remains
Klot= (19153 and b) later modsfied this view and came to beheve that m toxaerma a
reversible fatty degeneration can occur within the cells of the mtima without invelving
the elasnca  He therefore restricted the detiition of atheroma to the stage when the cells
break down and the fat comes to ke free in the t sue spaces
Aschoff (1924) took much the same view but Duguid (1926) denying that the fatty
change was pnmanly degenerauve and intracellular as Klotz beheved asserted that the
process was one of hipid infiltration from the plisma into 2 damaged mnma followed by
phagocytoss and fibrosis so mjuring the intima further and mitiatmg a victous cycle that
resulted 1n atherosclerosts  The majonity of obscrvers thereafter come to regard fatty
streaking as an early form of atherosclerons (Zmserhng 1925 Wolkoff 10.9) Ssolowyen
{1931) found bipid droplets m the mtima and inner medua of the aortas of suckling rabbits
a phenomenon not observed i older ammals he therefore concluded that the maternal
mitk nch m cholesterol could ymnate fatty streaking in voung ammals without invoking
the agency of mfection or toxaema
Leary (19352) neatly adapted the phenomenon to fit hus own theory staung that the
process was not completely reversible producing a mild restdual fibrosis 1n younger sub~
Jjects and gross atheromatons in the aged  Recently Golberg and Morantz (1955) have been
able to produce an mfiltration of chucken aortas i vitro remarkably hke their human
counterpart by g sol hy 1 under pressure mnto the lumen
of the vessel This was even successful i evoking a phagocyne response
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VI

Atherosclerosts and Coronary Thrombosis

I1 15 difficult for the pathologst of today to realize that the interest and enthustasm aroused
by the work of Amtschkow and his colleagues was not because of any light 1t nughe shed
on the problem of coronary thrombosis the sunple truth bemg that 1n 1913 this alment
was not a subject of widespread concern  Though the relation of coronary thromibosts to
underlymg atherosclerosis had been observed by IWeigert Mare and others many years
cather the prevalence of the condition and 1ts occurrence m the absence of visible myo-
cardal infarction were facts not universally appreciated Thus the observanion by Brooks
(1906) that coronary athcrosclerosts was present 1n 270 out of 400 consecutive autopsies

and more than twice as frequent as any other form of visceral atherosclerosts was largely

of acadenuc mnterest

Osler (1910) had noticed an merease n fatal cases of angma pectons which had risen to

28 per million n England (the present death rate from coronary discase 1s something like
1200 per nullion) but he made no d between the symp of angina pectorss and
coronary thrombosis Indeed not long before Oslers Lumlenan Lectures Sir William
Broadiunt had smd (1906) that there are no charactenstic signs or symptoms by which
thrombosis of the coronary arteries can be diagnosed

Hernch (1912) was among the first to realize that coronary thrombosis could give rise
to symptoms differing from the angina of effort and Alfbutt (1915) concurred even going
so far as to assert that angma was not rclated to coronary occl Some fe
of coronary disease remained unrecogmzed particularly m the form of sudden death and
acute coronary occlusion without previous symptoms was considered quite unusual
(3 allns 1925)

Accordng to Relleston (1933) the prevalence of coronary thrombosis was not widely
accepted m England unul about 1926 and IWearn (1923) had written  Coronary throm-
bosts with infarction of the heart as a chnical entity 15 a condition whnch s generally classed
among; the ranties of medicine  Indeed 1t 15 considered 5o rare and of so little smportance
that most of the textbooks ot medicine fuil to gtve 1t mentron or perhaps dismiss 1t wath a
brief paragraph while several of the larger systems of medicine 1gnore 1t altogether
At best 1t 15 looked on as a ternunal event impossible to diagnose and therefore of little
clinical import  The literature on the subject morcover consists for the most part of a
very small number of case reports no attempt has been made to study a large series of
cases confirmed by necropsy so that a chimcal preture meght be constructed wlich would
enable one torecogmze the condition It 15 little wonder then that the diagnosis 1s gencrally
lefe for the pathologist to make

As a matter of fact the conditon 1s not a very rare one 1t mercly goes unrccognized
-0




ATHEROSCLEROSIS AND CORONARY THROMBOSIS

during hfe  To account for this fadure of recognition 1 part at least one needs only to
consider the mode of death of the mdviduals who die from thus cause  As a rule death s
sudden or follows a brief acute 1llness so that many of the patients are never seen by a
physician at all or atc only examined after death by a coroner  If I have laboured this
pomt 1t 1s to emphasize the background agamst which the alarmmg stanstical merease 1
sschacmic heart discase began to be noticed

In the late twenties the famuliar chinico-pathological syndrome rapudly took form
Letine and Broun (19.9) reviewing 145 cases tound the disease commoner i males than
femnales (7 2) wath an average age of 57 ® and parncularly affectng the antcnor descend-
ing, branch of the lft coronary artery Hypertenstion was the commonest single associated
feature In 44 mstances of myocardial mfarction 23 vessels were occluded by a definute
thrombus while 12 showed severe natrowmg without thrombosis  Tor the latter group
D Conrsey {1934) suggested that the term coronary occlitston was preterable  This was
particularly applicable to cases Brought i Dead a considerable pereentage of whom
showed this condition (Bedford 1933)

Most were agreed that the lete coronary artery 1s affected much more frequently than
the nght (Wearn 193 Faulkner etal 1924 Wolff and Whitt 1926 Parkinson and Budford
1928 Wolkoff 19.9 Levine and Brown 1920 De Coursey 1934 Saphiretal 1935 etc)
Others have dissented (Barnes and Ball 1932 Master ¢t al 19378 Horn and Funkelstem
1940) It was further noted d\at the most severcly affected segments of the vessel lic out-
sde the myocardium especially the first few c of the main branches (Let e and
Brown 1920 Leary 1934 Saphiretal 1935)

There was practcally umversal agreement about the correlation of coronary thtom-
bosis and underlyme vascular disease (V5 camn 1923 TWills 19.5 Levine and Broun 1929
Wolkoff 1929 Saphiretal 1935 etc ) and statements to the contrary (e g Libman 19..5)
werc unsupported by evidence Fammian (19-6) allowed that occluston was on occasion
duc to embol but d the ) 1 expertence thus  The cliuef
cause ot occlusion 1s artenosclerosis of the coromxy arteries and the final closure 15 due to
thrombosis ~ ‘Thrombosis never happens 1 a healthy vessel By the moast recent
esumate 95 per cent of cases of coronary occlusion are attributable to atherosclerows
(Wartman and Hellerstemr 1948)
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The Morphology of Coronary Occluston

ATTENTION Was therefore directed wath renewed vigour to the morphology of the
occluded segments No morc than a bricf chronological outline 15 given here most of the
more detailed discussion bemg contained m the sccond part of this work i order to avard
wrksome cross-reference
A proneer i this field was Leary (1934) who thought that occlusion m the aged followed
rupture of an atheromatous abscess and m the younger age groups mnfarction of a fibrous
plaque occurred imtaung thrombosts Below the line of attachment of the thrombt he
observed a substance near the surface of the devitalized plaque wath the tinctonal reactions
of fibnn mingled with argyrophul fibrls from which he concluded that fibrinoid necrosis
of the collagen had occurred due to infarction of the plaque
The same phenomenon had been previously obscrved by Mallory (1914) who regarded
the substance as fibrin from the blood 1n view of 1ts assoctation with disintegrating red
cells  Following Leary s arucle Clark et al (1936) cut seral sections through a number of
blocked artenies and noting the assoctation of a fibnin-like substance with degenerate or
ulcerated areas they concluded that 1t was fibnn deposited by blood mfiltrating the
diseased surface of the plague from the lumen Horn and Finkelstews (1940) sought to
explam the occastonal absence of red cells in the fibrinoid matenal by suggesting that the
latter was due to seepage of plasma 1nto the weakened intima
Leary s theory of fibrmord necrosis was revived by Schlossman (1942) who treated
sections with trypsin before stamning and showed that only a part of the matenal 15 dis-
solved Asfibrn s digested by trypsin he concluded that the residuum must be degenerate
collagen Thus however does not necessarily follow and the subsequent work of Duguid
and others has done much to support the view that the substance m question 15 1n fact
fibnn
Considerable mterest was aroused by the observations of Paterson (1936 1938) on the
frequent assoctatton of intramural haemorrhage with coronary thrombosis Serial sections
revealed that the overlymg intima was often mtact ndicating that the bleeding had come
from the capillanies of the thickened mtima A sigmificant chimeal corollary (Paterson
1939a) was the plausible explanation 1t offered m cases of sudden death when the individual
was at rest or asleep since a small intimal haemorrhage could well have iitiated throm-
bosts some hours or even days previously Paterson excluded hy pertension as a contrbu-
tory factor 1n capillary rupture, since he observed the latter in the plaques of pulmonary
artenies {1930b)
The artenial inttma  which 1n health denives 1ts nutriment from the arculating blood m
the lumen undergoes vasculanizanon when thickened by atherosclerosts a fact that had
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hitherto attracted hutle actention althouch it had been not d by Rofatansky and stressed
by Raynand (1865) — by the latter as cvidence of the mstummtsry nature ot atherosclero-
sis Foster (1876) had emphanzed the role of hypertrophi a vasa vasorum i artersal
disease but erroncously asstmed that they existed m the 1 calthy moma as well  Wolkoff
(1920) had described a vascular network denved (a) trom th by pertrophied vasa vasorum
and (b) direetly from the Jumen dexcloping, aficr the depo 1ion « € cholesterol and con-
cemed exclusisely withats resorpion Leary {19352 19362) whose principal observations
had been on aotue plaques where vasculanzation 1 fuss censpuons considered the
sessels 1 late mamifestation and msigmficant i the evolugon ot the disease

Paterson however had not clammed that the capillanies plaved @ gt the genests of
atherosclerosss he had mercly emphasized their role m the subsequent coronary throm-
bosis a view endorsed by Wartman {1938) Horn and Fnkchtan (1910} Nelson (1941)
and others In the words of Horn and Fmhelstan  Once estabhshed the capiffary network
comes to form part of a vicious cycle through which the atherosclerotc process is ad-
vanced and may act as a decstve underlymng factor m the subsequent occlusion of the
mam lumen

Winternis= et al (1938) had perceived the truth of this but had gonc on to ascrbe the
whole of the atherosclerotic process to mumal haemorthage a thesss which necessitated
the exstence of capillanies i the healthy mtima in order to uutate the bleeding but an
extensive resiew of the mvestganons meo the blood supply of arcery walls by Rams.y
(1936-37) cleatly reveals this view a untenable

It was by this nme becomung apparent that the mechamsm of coronary occlusion and
the pathog of atherosch were probl which 1f not mdependent were at
least separate a truth appreciated by Levine and Bronn (19.9) and ghmp ed by Mane
40 years eather each of whom had observed that severe coronary occlusion may be
found along with a fauly healthy artenal tree elsewhere (Fig 1) For one thing the
coronary arteries seemed to be more prone to occlusion than other vessels for another
the occlusions were varted n type and otten multiple

Koch and Kong (1932) believed that coronary occlusion {excluding syphilitic aortitis)
took onc of theee forms (1) atheromatous softening rasng the sutface (1) fibrou pro-
hferaon (3) thromboss Saphir et al (193 ) saw no reason to distingush (2) from organ-
1mng thrombosis  Leary (103sb) m addition to the forms of occlusion quoted above
thought that spasm might be a contnbutory factor  Pterson (1936) thoughe thrombosts
followed sntimal haemorrhage and #¥ artman (1938) showed how an ntimal hacmatoma

may cause fatal compression of the lymen without necessanily rupturing into it

Von Allertin (1938) observed orgamzing thrombi 1n certmn coronary segments re-
Lated to zones of medial necros:s and pervasculat lymphocync mfiltration of the adventitia
He termed this conditson chromic stenosing attentis belicvug it to be 2 comphcation of
focal sepsis and differng from true atheroschrosts
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The Collateral Crrculation of the Heart

Berore goig on to more recent advances mention should be made of the researches mto
the coronary arculation as a whole  During the nincteenth century opimion had differed
on the exsstence of a collateral eirculanion some holding that the coronary atteries were
end-asterics (Cruvedhucr 1852 Hyrtl 1855 Colnheun 1881) others the contrary (Iest
1882 Mane 1896) The evadence for the latter viewpomnt 1s summanzed below

(a) Clmco-pathologtcal evidence ~ e g cases of complete and chronic closure of the
mouth of a whole coronary artery without myocardul nfarcuon (IVest 1882 Galli
1903 Merke 1906)

(b} Injection of onc coronary artery with a dyc followed by 1ts reappearance 1 the
other vessel micro-examination revcaling the dye mn the smallest branches (West 1882)

(¢) Expenmental hgation of one or other duviston of the left coronary artery i dogs
may be followed by complete recovery of the myocardium (Miller and Matthens 1909
Sunth 1920} or by an infarct much smaller than the arca supphed by the hgated vessel
(Srmth 1918}

Le Count (1918} clumed that injection techniques on post-mortem specimens were not
a measure of the degree to which the vessels arc finctionally termmal — 1 ¢ where occlusion
of a branch may cause infarction wathout the collaterals being able to prevent it Further
Light was thrown on this subject by Gross (1921) 1 a major contribution which was based
on mjecting the coronary arteries of hearts of all age groups with a radio-opaque flud and
subjecting them to stereoscopic radiography  He was able to show that the collateral
arculagon improves with advancing years suggesting that the aged are better able to
withstand sudden coronary occlusion than nuddle-aged subjects

By mjecting one coronary artery with mercury Oberhelman and Le Cotnt (19.4)
demonstrated vanations in the extent of the capillary bed of healthy hearts and argued
that 1n some individuals the collateral eirculation 15 adequate mn the event of sudden
coronary occlusion but m others 1t 1s adequate only 1f the occlusion occurs gradually
Application of the Spaltcholz technique (Hoodrff 19.6 Robertson 1930} revealed un-
suspected anastomoses between the small arteries m the eprcardial fat and the vasa vasorum
of the aorta and still more were discovered by Swetana (1929) and Hudson et al (1932)
All this helped to explain the survival of the myocardium 1n the presence of multiple
occlusions (Willius 1925 Master et al  1937a)

Wearn (1928) recorded two remarkable cases i which the mouths of both coronary
arteries were completely occluded by syphilic aortins although both vessels were of
normal diameter 05 cm from their ongin and there was no gross infarction Wearn's
perfusion experiments on post-mortem hearts showed that 6090 per cent of the coronary
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flow escapes not mto the coronary sinus but directly mto the cardiac chambers through the
Thebestan vems and he suggested these as a Iikely source of colfatcral circulation m the
event of gradual coronary occlusion

It was cventually realized that coronary thrombosts 15 not only a recoverable maident
but may be a recutrent phenomenon in the life of onc mdwidwal  Parkinson and Bedford
(1928) and Barnes and Ball (193.) commented on the frequency of two or more nfarcts
m the same heart and Sapfur et ol (1935) by carcful dissection of 34 hearts showmng
mfarction  were able to demonstrate 2 3 or 4 vascular occlusions m every case and
concluded that at least 2 branches must be blacked before mfarction occurs

A corollary of ths work was the realization that the angma of effort coronary throm
bosts and sudden death from coronary narrowing without thrombo 15 (generalty attnbuted
to ventncular fibnllation) might all have a common underlying pathology

Saphur and tus co-w orkers also confirmed the ob ervaton of Parkinson aud Bedford (1927-
29) that despite the fact of the right coronary attery bemg occluded 1 a substantial pro-
portion of cases myocardial mfarcts occurred m the overwhelming myjonty of
m the distribution of the left artery — a cunious phenomenon that has never been saus
factonly cxpluncd

White et al (1950) found that the avetage man after the age of 49 has a moderately
severe degree of occlusion (grade 3 accordng to the classificanon detaik d in Chapter XX}
at some point in both nght and left coronary artenes  And Sehlesinger (1940) stared that
m 145 consecutive autopsies on males dving, from a vanety of causes 40 per cent of the
hearts of men over §5 showed occlusions  As most of these are less than s mm Jong more
than half of them arc hable to be overlooked 1 routine autopsy dissections (Schlesinger
and Zoll 1941)

Coronary disease 15 most severe where the bulk of the blood supply to the heart comes
from the left coronary artery ntermediate where the nght coronary artery predommates
and feast of all where the blood supply 15 evenly balanced between the two vessels
(Schlesinger 1940)
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The Influence of Age and Stress

AGE

Tie age factor i atherosclerosis — even of coronary atherosclerosts — had been a subject
of speculation for over a century  The remarks of Hodgeon (1815) on this subject were
noted carlier (p 9)  Athcrosclerotic artenies of different age groups were studied by
Aschoff (19-4) ¥ olkoff (1929) and Leary (1934) All were agreed that fatcy streaking 15
more charactensstic of youth and largely rcversible wiule atheromatous abscesses are a
feature of the oldcr age groups  Zmeerlng (19.5) demonstrated fatry anfiltration m the
aortas of 6-month-old infants with the sante localizaon as adult atherosclerosis Out of
302 aortas m cluldren under 16 fatey streaking was present In 95 4 per cent

Gross et al (1934) studied the coronary arteries of normal subjects from birth to old
age and obscrved hypertrophic changes 1n the intima shortly after birth with mncreased
elastic and connective tissuc  In the second half of life they found all gradations to athero-
scleross and they therefore came to regard the whole process as the resule of agemg
However the accumulated traumata infections  dietary indiscretions and metabohc
upsets that constitute the so~called wear and tear of a hfctime are not to be regarded as
strictly phystological since they may be avordable or preventable thus winle the observa-
tions of Gross and Jus colleagues on the vessels of different age groups are of considerable
value thewr overall concluston 1s not generally accepted

Some had noted an abnormal thickness 1n the coronary intuma as compared wath other
artertes cven at birth (Elrieh et af 1931 Spalteholx and Hochren 1931 Sappington et al
1936 1941) and in 1946 Dock observed that this was more marked i male infants which
he suggested mught account for the apparent predilectron of atherosclerosis for coronary
artertes and the higher incidence in males He described connective tissue cushions on the
mtma which he regarded as an inhenited peculianty concerned with blood-flow how-
ever Fangman and Helling (1947) found hynd droplets and elastic fragmentation m these
structures and preferred to consider them as an early mantfestation of atherosclerosts

Winte et al (1950) recognzed four degrees of coronary narrowng and were able to show
that there 15 2 rapid increasc 1n the seventy of coronary occlusion m males between the
ages of 30 and 49 reaching 2 maxumum between so and 59 and thereafter fallmg off
slightly In women the degree of severity 1s less and the curve nises steadily nearmg the
male curve at about 70 {Aekerman ¢t al  1950) There 15 thus a wide sex difference m the
srxth decade (Firstbrook 1931}

STRESS

It may have been the mental associanon with the angina of effort that led to the behef
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that stress was a precipitating factor 1 coronary thrombosts  Doubtless another reason
was the quite frequent occurrence of sudden death dunng pertods of overactivity  How-
ever m an early scnes by Wolffand White (1926) 1t was shown that same attacks occurred
durmg, sleep or at rest and Luten (1931) found no relatton of coronary thrombosts to
cffort at all

Fitzhugh and Hamtlton (1933) mvestigated the activities preceding attachs n 100 cases
and found they usually followed some departure from the subject s normal habit of hfe
~unduc effort or fanguc travel emotional stram overcaung alcohol or a surgical
operation  Leary (1935b) suggested that death dunng sleep might be duc to coronary
spasm occasioned by mghtmares  Lery and Bruenn (1936) pomted out that as the fatal
thrombus 15 nearly alwavs hours or days old 1t 15 rarelv the munediate cause of death

The fullest correlation ot coronary thrombosis with antccedent events was that of
Master et al (19372 19393) Thev mvestigated many hundreds of cases and found that the
disease occurred 1 all walks of he and all types of occupation  Forty per cent occurred
durmng sleep and there appeared to be no sigmificant correlation with exertion emotion
meals time of day or scason of year Intramural haemorrhages were as common m bed-
ndden patients as n physically active ones and was therctore probably fortuitous

Paterson (19393) reasonably enough pomnted out that 1f his theory of hacmorrhage in the
plaque 1muaung thrombosis hours or days before death was true then the pauents
acuvaty at the time of death was urrelevant  Recent work by Morns suggests that the man
of active physical habit 15 less prone to coronary discase than the more sedentary type
As the approach 15 statsstical 1t 35 treated 1 Chapter XVI
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Cardiic Hypertrophy Electrocardiography

Two other pomnts deserve menuon  The first 15 the myocardral hypertrophy which had
been observed 1n assoctation with coronary occlusion  Some authors merely recorded the
fact (Faulkucr et ol 1924 Willus 1925 Levy and Bruenn 1936)  Others ascribed 1t to
hypertension (Burmes antd Ball 1932 Bedford 1033) and others to carduac farlure caused by
multiple farctions (Master ¢t al  1937a)

But 1t 15 a demonstrable fact that in many cases of coronary occluston the hypertrophy
15 not confined to the left ventncle and may occur m the absence of healed mfarcts or
gross nterstitial fibrosis  Thus Davis and Blumgart (1937) excluded cases of hypertension
and cardrac fatlure but sull found the average weight of the remarming hearts well above
the normal controls (440 as agamst 275 grammes) Employmg an established physio-
logtcal panciple thev argued that chronic coronary msufhciency leads to overstretchmg
of the undernourished myocardial fibres thereby sumulating the latter to hy pertrophy
From a recent large series Yater ot al (1948) have reached the same conclusion

A second pomt only to be touched on since 1t lies outside the scope of the present work
15 the development of electrocardiography n sschaemic heart diseasc  The experiments of
Sunth (1918 19..0) who ligated branches of the coronary arteries in dogs have already
been menuoned (Chapter VIII)  They were accomg d by electrocard hic studses
and 1 due course sumlar aberrations were recorded m the graphs of human subjects
notably mversion of the T-wave (Smth 1923) This afforded thereafter a valuable diag-
nosticaid especrally 1n cases where the symptoms were equivocal or aty pical
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Dugwd’s Thrombogenic Hypothests

In che course of an excellent arucle on the morphology of corotary occluston Hors and
Finfefstun {1940) remarked  The occurrence of panetal thrombi such as we have seen in
thus senies and as others have obscrved also leads to confusion for when such a lesion 15
finally replaced by fibrous tissue and mcorporated mto the mtima the affected segment of
the wall appears exactly like an area which has been progressively thickened by fibrosss of
a zone of intimal hpoidosts  The 1mphications of this obscrvation however were ot
pursued
The thrombogenic theoty of Dug 1 4 {1946) on the aenology of coronary atherosclerons
was something of 3 bombshell On cutting deeper into the block of a recanahized
thrombus he had been struck by the fact that 1t merged to what looked like a typical
atherosclerone plague  Senal sectionimg, of a numbet of narrowed coronary artenes {alf
admredly of severe degree) strengthened hus convicuion that what 1s called coronary
atherosclerosis 1s frequently the end-result of artenal thromboss
Although he gave credit to Rokutansly for the onginal hypothesis 1t 15 necessary to
reahze that Dugud considerably claborated the views of hus prototype  Fot example the
concept of a clot at first completely or partially blocking the lumen and later shrinking
to one side of the vessel to be overgrown by endothelium from the opposite side wihile
the deeper patt of the thrombus underwent fatty degeneration — such a sequence of events
could never have been entertamned a century ago It svas m fact because he knew nothing
of the rate of endothelial overgrowth of mural thromby that Rolutanshy s theory found red
under the attacks of Virchow A host of discovenes were made m the next hundred
years that served to make Dugmd s hypothesis plausible — to name only onc the collateral
crrculation of the heart
Besides mural thromb: Dugwd noted that wisps of fibun arc often to be found adherent
to the muma of the vessel or m varying stages of mcorporanon nto the vessel wall by
avergrowth of endotheliom  In this way 1t became possible to account for the burted
streaks of fibrn that had puzzled others Indeed Dugwd attached great smportance to
these believing them o be the essential knk between thrombosts and atherosclerosts
These observations were later extended 1o atherosclero 1s of the aorta (Dign d 1948)
where he found strmlar muny e merustanons on the mnma of 19 out ot $o consceutive
aortas of mdividuals whose ages ranged from 3 to 73 who had died from a vanety of
causes These fine wisps often too small to be een wath the naked eye could 1n the
course of a hfeime account for substantul thickenng  fn young chldren they were
commonly found at the mouths of branch artertes associated with fatty streabang
Other observations elaborated the banc concept and offered new explanations of old
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problems that had vexed earlier workers— e g disintegratng red cells were ated as a
potential source of cholesterol supenmposed layers of collagen separated by elasuc
membranes were seen to be the result of recurrent thrombosis the vessels m the plaque
were the end-product of orgamzed thrombosis (Dugiid 19.49)

Guringer (1951a) re-exammned oceluded coronary segments i the light of tus last
suggestion and concluded that the superfictal plexus described by 1 olloff {1920) was
mdeed the restdue of orgamzed thrombosis but he maimntained Iihe Wolkoff that the
vasa vasorum also played a part 1n nutrition of the plaque  If the superficial plesus 1s
tadequate or absent the plaque 1s entisely dependent on the transmedial supply This
however 1s capable of a strictly imuted extension and if the plaque 1s morc than 0 35 mm
thick {or 0 s mm 1n the aorta) the blood-supply 1s outstnpped and the central layer of the
plaque undergocs fatry degencration It 1s fundamental to realize asserts Geiringer that
mtimal vascularization 15 a function of intimal thickness and not of atherosclerosts

Crav ford and Levene (195.) modified thus concept still further and advanced the view
that endotheltal cells derived from the endothelium linmg the vessel {or rather overgrow-
mg the clot) are capable of assummng the function of fibroblasts and orgamzing the super-
fictal part of the thrombus without extensive capillary activity

Mcnwhile  Harrison (1948) had obtamed confirmatory cxpenimental cvidence by
myecting fragments of fibrn 1nto the veins of rabbits and producing mtrmal thickemings in
the pulmonary arteries by endothelral overgrowth of the emboli followed by fibroblastic
proliferation at theic base Amsotropic lipid droplets were found m one annmal only
probably because the fibrin did not contain red cells

Heard (1952) improved on these results by injecung larger autogenous fibrn clots mnto
rabbits  vemns and showed that endothelial overgrowth was complete after 4 days
reticuln began to appear after s days and collagen 1 6 Granulation nissue had re-
placed the fibnin in a week and after a month only a fibrous thickenmg remamed  McLet-
chu (1952) by mjecting rabbits with Russell viper venom produced two types of lesion
(a) a thin layer of fibrin spread diffuscly on the vessel wall which underwent organization
accompanied by a proliferation of elastic tissue and (B) red mural thrombt which became
organtzed superficially while the deeper parts underwent fatty degeneration resulting in
a picture much ltke human atherosclerosis He noted that such plaques soon became pale
as the hacmoglobin was washed out of them, so confirnung one of Duguid s eather
observations on human material

Harnson s expenments were repeated by Thomas et af (1956) n rabbuts also fed on
different types of fat In 50 per cent of animals the pulmonary arteral lestons contained fat
droplets The purpose of the cxpenment was to demonstrate the theory of lipid
mfiltration of the mtima bue a totally unexpected finding was the presence of far m
the lesons of 50 per cent of the control animals on a fat-trec dtet a result more consistent
with the thrombogentc theory of atherosclerosis since the hpid must have been
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The Biochemueld Approach

Unmit recent years the apph of chermical methods to the problem of atheroscleros
had yiclded results that were conflicung and unpromusmg and mamly concerned with
quanutanve estumates of the cholesterol 1 the blood and the iptd and mncral content of
the sorta

CHEMISTRY OF THE AORTA

Asthof] {1907} 15 often credited with the 1d of chol twm
plagues but its presence in crystalline form was well known to Rokatansky and Virchosw
Employing whole aortas from atherosclerotic subyects Baldanf (1906) estimated the relative
proporgons of calcsum  newtral fat farty acids and lecshun and IWmndaws (1910) showed
that the cholesterol cster content was twenty nmes that of a healthy vessel Schonhenner
(1926 1928) confirmed this observation using preparations of aortic muma and mner
layer of medta and mamntatned that hus results favoured the theory of hpid nfiltratios
snce 1t was unlrkely that such large amounts could be synthesized locally  {it has been
recently densonstrated by Siperstem et al {1951) 1 expenmental ansmals that the aorta «s
capable of synthesizmng cholesterol but only in small amounts }

Mecker and Jobling (1934} analysed 45 zotuc plaques from different age groups
and found that the total fat and total cholesterol increased wth the seventy of the athero~
sclerosts the most advanced lestons showed 2 mse m the proportion of free to estertfied
cholesterol  The phospholipsds remamed constant throug hout

Attempts have been made 1o establish the theory of lipid mfiltration by companng the
cholesterol content of the plagues with the serum level In 147 aortas from previously
healthy persons dymg from rauma and other causes of sudden death Lande and Sperry
(1036) were unable to show any correlation but Wemhonse and Hirseh (1940} found that
the hipid proporuons m the plaques themselves - as disunet from whole vessels~ catre~
spond closely ta those of the serum  This was also the expenence of Medrihur (1942)

Others have corselated changes m the chemustry of the medin with advanang years
Using micro-mamerstion methods Au (1933) found a sseady merease 1n calemm ash

pp ty denved from deg: elastic fibres up to the end of the third decade after
which the merease was sregular  Wenhouse and Hirsch {1940) observed that the Iipid
content of the media also ncreased with age although nexther the hpid nor the caloum w
the media were proportional 1o the degree of scleross of the overdying mtma  They also
made the observanon that in the intima the cholesterol though enormously increased
fatty plaques 1s actually reduced in calcarcous plaques (Hirsch and FWenhouse 1943)

Lansing et af {1948} applted the micro-maneration techruque to the coronary attenes
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and found that the mcrease n medial caleim started a decade carlier than in the aorta
They believe that this process of clasto-calemosts (not to be confused with Monckeberg s
scleross) 1s the localizing factor m atherosclerosss 2 degenerative change due to age which
not only precedes but 1s essential to the deposition of cholesterol m the overlying intima
(Lansing et al 19503 and b) Therr views are considered further under Arterosclerosis and
Athcrosclerosis 1 Chapter XVH

Buck {(1951) has shown thae there s a logarithnmc rate of increase m calaum magnesium
and non-hpid phosphorus i the agemg aorticmedia Theadded muneral increase n athero-
sclerosts 1s relativ by shight compared to the carlier age mereasc  The degree of calerfication
may be mussed 1 routine sections as caleim only stans with hacmotoxyln m the pres-
ence of iron  Thus micro-incineration 15 a more relable gmde  Buek and Rossiter (1951)
have observed that the total phospholipid content of the normal aorta nises with age
largely duc to an mcrease m sphingomychn  In atherosclerosts there 1s a further nise
accompanied by an mcrease in leeithin - Cephalin seems to play no part in ltpid infiltration

THE SERUM CHOLESTEROL

Nunicrous assays of the scrum cholesterol have been made with the aim of bringing
human atherosclerosis mto lne with Anitschhow s expertmental work but opinton differs
sharply on the results  According to Myassuthon (1925) a pupil of Amtschhow hyper-
cholcsterolacmua 1s observed regularly m advanced atherosclerosts and i about half of the
mulder cases He therefore emphasized the importance of the cholesterol content of the
diet n treatment  Rabimot stch (19.7 19.9) also found a ratsed serum cholesterol i severe
atherosclerosts but Hunt (19.9) was unable to correlate the two

On the strength of the age factor m atherosclerosis {and disregarding the frequency of
fatty streaking 1 voung subjects) others have correlated scrum cholesterol and age  Page
etal (1935) found no sigmificant relatronship but Aeys and others of the Minnesota School
(1949 19502) found fault with their method of age groupmg On the basis of 5000
measurements i both sexes of all ages Keys and his colleagues found a steady increase m
serum cholesterol up to the age of 6o after which the curve tended to flatten and decline
Exception mught be taken to the slection of subjects for the 45-55 age group (who for
reasons which are not made clear were chosen exclusively from local business and profes-
stonal men 1n responsible positions) snce others have suggested that there 1s an unduly
Tugh meidence of 1schaemic heart disease 1n this social group at this age (Ryle and Russell
1949)

A more direct link between hypercholesterolaenua and coronary discase was revcaled
by Duusetal (1937) who found the average serum cholesterol mn angimal cases lngher than
the control scries 1 some cases far above the hughest of the controls This was confirmed
by Momison «t al (1948) who mvesugated oo consccutrve unselected cases of proved
coronary occluston (employing clectrocardiography) Hyperchol 1 was present

1n 68 per cent of cascs under 60 and 5. pur cent of cases over 6o Essentially sumular results
were obtamned by Gerer (1949}

-4



THE BIOCHEMICAL APPROACH

THE SERUM LIPIDS
However thete s much to suggust — including expermenta endence to be quoted later
— that while cholesterol infiltration of the mtrma may be a factor m atheroscleross 1t s not
achieved sumply by overflow of excess ipids sn the plasma and that there are other factors
which may operate cven in the absence of hypercholesteroliem - Among such factors
those winch have attracted most attention are (1) Chylorscrons (1) Altered cholesteralf
phospholipid ratio (i) Alered hpoprotemn rano  {tv) Grant molecules

{1) CHYLOMICROGRAPIY

Gage and Fish (19..4) described lipsd partcles which appear i normal plasma 1~ bours
after the mpgestion of food contatmng far  These are $-15 1 diameter and are known as
chylomicrons By gwving a standard fatty meal and exarmming hourlv samples of blood
under dark ground dlumunation a curve can be plotted which indicates the frequency of
these pattcles (Frazer and Stewart 1937)

Moreton {1947) showed that m d accompamed by hypercholesterolaemua —
duabetes neph myxoed etc —~ the chyl are unduly plennful High
speed centnfugation shows them to contam cholesterol eniglycendes and fatty acds He
therefore formulated 2 new theory of atherogenesis arguing that the accumulative effect
of many fatty meals over a Jong penod causes showers of lipid particles to appear i the
plasma which are intermtrently deposited in the nissue spaces of the mtma - The neutral
fat and fatty acids ave readily absorbed but the low solubihity of the cholesterol causes 1t 10
remamn even though the serum cholesterol has stayed wathin normal limts

Becher et al {1949) miroduced the age factor notmng that in the younger age groups the
number of chylomicrons reaches its peak -4-3 liours after 3 fattv meal and returns to the
fastmg level mn 5 hours 1n older subjects the peak which 15 much hugher 15 reached m
&-12 hours and does not return to the fasting level for .4 hours

{11) ALTERED CHOLESTERGL/PHOSPHOLIPID RATIO

Tt 1s a remarkable fact that the serum hpids do not form an emulsion and that the serum:
remains clear even sn cases of hyperhipaenua  Ahrenrc and Kunkel (1949 showid that this
ph was dependent on a correspondsng rise s the setum phospholiptd level and
«uggested that the phospholipids may help to stabilize the collordat dispession of plasma
cholesteral  They further noted a correlation between a rased cholesterolphospholiptd
ratio and prematute atherosclerosis These observations were confirmed by Gestler vt ol
(19502} and Ofrter and Boyd (1953) wn cases of myocardial mfarction below the age of 40

{n) ALTERED LIPOPROTEIN RATIO
The transpatency of serum with 2 high hpid content had perplexed early observers and
had led Sarenson (1931) to mamtain that the phenomenon was explicable only by assuming
hinkage butween leaithm and stesols on the one hand and the protein on the other  These
hipoproters beng water soluble may be concerned m the filtration and deposition of
cholesterol in the muma
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Two fractions have been 1dentified in human serum by means of electrophoresis which
causes them to nugrate with the a- and p-globulmns respectvely (Oucley et al - 1950)
In healthy subjects the average ranges and ranos of the o- and p-hpoproteins as they
have been styled have been deternuncd (Russ oz al 1951) Persons who have survived
myocardtal mfarction or who have other definite evidence of atherosclerosis show a
tendency to reducrion of a-lipoprotein and an mcrease m p-lipoprotemn (Barr et al
1951) These differences may be present even though there 15 1o sigmificant nise 1w the
serum cholesterol and m patients with diabetes or nephrosis they are present before
vascular complications are chmically rec bl

P

(1v) GIANT MOLECULES

Even more mterest has been aroused by the work of Gofinan and his colleagues in the
Untversity of California (Gofiman et al 19502 and b) who n 1950 described cholesterol-
bearng grant lipoprotemn molecules m the serum of atherosclerotic pattents wath these
characters

(1} They arc not related to meals—1 e they are not chylomicrons

(2} Therr presence cannot be predicted from the serum~cholesterol level

(3} They are present with hugher frequency m those who have survived myocardial
mfarcts also m sufferers from dubetes nephrosis hypothyrordism  hypertension
and cardiac 1schacma — 1 ¢ all those conditions known to be assoctated with athero-
sclerosis

These molccules are not normally present i rabbit serum but they appear after chole-
sterol feedmg A high concentration causes turbidity of the scrcum  Therr presence 15
revealed by ultracentnfugal flotation analysis and their rate of migration s expressed m
Svedberg umts which are determmed by measurement of the refractive dex gradient
patterns  Normal lipoprotemn molecules are of the order of Sf s-10 1n atherosclerosis the
larger Sf 10-.0 class begin to appear

Gofman s view 15 that these gtant molecules are responsible for the deposition of chole-
sterol it the mtima and that atherosclerosis 1s assoctated with ot caused by an error mn the
metabolism of fat and other lipids as disunct from hypercholesterolaenua alone It 1s too
early to assess the value of thesc observations but already Keys (19512 and b) has objected
that Gofman s normal ranges were from the 20-40 age group while the group with myo-
cardial infarctron ranged from 40~70 He therefore considers that the G substances (as he
arbueranly destgnates Gofman s grant molecules) are of no greater value than the serum

hol 51 1n the of ath 1 since this too nses withage Indeed he
detues that there 15 any evidence that the G substances mdicate probability of present or
1mpending coronary disease

Gofian etal (195z)and Lyonctal (19s2) havereplied citing, abundantstattstical evidence
that the SF 10-..0 hipoprotem levels show at least a twofold and perhaps a tenfold ugher
relationshup to atherosclerosis than the serum cholesterol does and that the shight relation-
shup of the latter to atherosclerosis 15 by virtue of 1ts partial correlatton with the Sf 10-20
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Lipoproteins  The using of coronary disease as their entenion of atherosclerosss may be of
debatable vahdity

Further doubts have been thrown on Gofmans theates by Patrson (2954) who
determuned the serum chofl 1 the chol 1/phospholipsd ratio and the Sf 1.-20
hipoprotern molecules of pauents before death and at subscquent autopsy found no
cbvious correlation between any of these and the degree of sclerosis os hpid content of
therr corenary arturies A similar discrepancy betw een hpop las ranges and
the degree of general atherosclerosss at autopsy was recorded by Chaprant et al (1956}

Thas ss the barest outline of these recens advances The whole subject of the relanon of
atherosclerasts to a disorder of Iipid metabolism has been luaidly reviewed by Gould
(1951} Gutman {1953) considers that the merease 1 Sf 10-20 hpoprotens @-hpoprotesns
and the cholesteroli phospholipid rano are probably all facets of the same basic hpid disturb-
ance
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The Dict and Atherosclerosis

ALLED to the biochenucal approach 1s the dictetic one and ammal feeding expenments
have made 1t mevitable that human atherosclerosis should be attributed to the eating of
foods rich m cholesterol (e g IWacker and Hueck 1913) These are chrefly egas mulk
butter and other ammal fats all chenished by ervihizations with a hugh basic standard of
Iiving and reduced or absent in undernounshed communities
Aschoff (1924) clatmed that atherosclerosis decreased duning the first World War when
food ratiomng was universal m Gernmany  However H etss and Minot (1933) m a study of
the racial madence of atherosclerosts found no proof that overnutrition or malnutnion
wasafactor Iewasscarcely feasible to demonstrate expenimentally mduced atherosclerosts m
human subjects but Myassutkon (1925) and Hunt (1929) failed to raise the serum cholesterol
by feeding cholesterol-nich foods to healthy individuals
The nearest approach to expenimental atherosclerosis in man was cited by Leary (1936b)
Reference has already been made to hus theory that atherosclerosts 1s a discase of overcivil-
1zed commumties where adults contmue to cat 1n excess foodstuffs primanly intended for
embryosand infants (1 ¢ nutkand eggs) He claimed that from 1920to 1930 whenitwas the
practice to treat diabetics with a diet ich i cholesterol spectacular degrecs of atherosclero-
s1s became much commoner even in young subjects When this mode of treatment was
abandoned the seventy of the atherosclerosis became less
In a series of autopsies on Okmawans whose diet 1s largely vegetanan Stewer (1946)
found that athcrosclerosis develops late 15 of moderate degree and may be absent alto-
gether  Opinion varies on the relation of atherosclerosis to obesity which although not
wholly a matter of dictetics may be briefly considered here  Dublin (1930) quoted msur-
ance company statistics to show that death from angina pectoris and other forms of artersal
diseasc 15 two or three times as common 1n obese subjects as m those of nornal or sub-
normal weight In 80 fatal cases of coronary discasc 1n servicemen between -0 and 36
French and Docl. (1944) found overweight the most striking single predisposing factor
Wilaus {19473) found advanced atherosclerosis to be twice as common obese subjects
as n the pootly nounshed groups His autopsy studies on the victms of wasting discases
suggested that loss of weight was accompanied by regression of atherosclerotic lesions
(Wilens 1947b) However Yater et al (1948) found no corrclation between obestty and
coronary occlusion m the under-40 age group while Faber and Lund (1949) n a chencal
assay of 400 aortas concluded that 1f hypertenstve cases were excluded obesity bore no
relation to the degree of atherosclerosts
Further statstical evidence was supplied by Maluros {1950) who found that during
World War II the mortality from atherosclerosts and coronary disease decreased m Fnlind
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Norway and Sweden where the consumption of eggs butter and other cholesterol-
rich foods was reduced Jn Denmark where the total fat consumption dechined but that
of eggs and burter mereased the death rate rose shghtly  In the United States swhere the
consumption of eggs and milk increased (though butter was reduced) deaths from athero-
sclerosts steadily mereased

But 1f dictary cholesterol 15 a factor m human atherosclerosss 1t 1s not yust by cavnung
hypercholesterolacrma Reys er al (1950b) and Reys (195.2) found that the consumption of
a simgle large amount of cholesterol barely affects the serum level  They also showed ma
caseful survey of 482 healthy adults over a perod of 3 years that the serum cholesterol
35 not ssgnuficantly refated 1o the cholesterol intake m the diet Gerdler ef al {1950b) found
this was also true of convalescent cases of myocardial mfarction {presumably athetasclera~
uc subjeets)  Wilkinson et al (1950) simularly fatled to find a char relationshup betsveen the
serum cholesterol and the total mtake of casbohiydrate fat protem or cholesterol m
patents with famslial hypercholesterolacmsa

Theoretscally of course there seems to be 1o reason to postalate a direct celationship
berween mgested cholesterol and the serum level since st has been shown expertmentally
that the Jiant hver readily synthestzes chol ! from acetate {Bloch and Rttenberg
1942} It 1s also known that any mechamsm swhich rasses the blood fat {mcluding ingeston
of fat) wall avtomancally clevate the scrum cholesterol which functions as 2 vehucle for
fatty acsds (Guber and Ungerlesder 1949) The same lack of relanionship between dietary
muke scrum cholesterol levels and the seventy of atherosclerosis has been observed
cholesterol-fed rabhuts (Firstbrook 1951)

Keys {195..b) disnussed Stemer s work on Okinawan astopsies as Iackug w data on the
diur and degree of atherosclerosss e harshly entcized Malmros s Scandinavian staustcs
as p to discover from a paralichsm between crude estrmates of national
averages for two vanables  While agreemg that the serum cholesterol seems to be wde-
pendent of the normal daty mtake Keys showed 1 a series of human feeding expen-
wents that a hugh fat diet rasses the serum cholesterol and chat on a fat-free diet the serum
cholesterol ss farrly raptdly reduced  He therefore proposed that in the treatment of athero-
sclerosss thie fats genenlly should be restnicted and not cholesterol specifically

Controliud feedmng expeniments were carned out by Mornsons (1952) on cases of schae-
e heart disease over 2 penod of 3 years He found that m the group subsising on a
low-fat low-cholesterol dier the serum cholesterol was lowered by 30 per cent and that
mottahty was 14 per cent as compared with 30 per cent m the group on an unresticted
dret

in a recent speculative arucle Smclair {1956} disputed Keys s view that the ymportant
factor 1n atherosclerosis 15 the total fat m the diet He claimed thae what masters 15 the
amount and strycture of the dietsry fatty aads whuch are akered by modern faod-
processing Owidation of ammal fars and hydrogenation of vegetable odds n the diet
lead 1n the human consumer to the formation of abnormal cholesterol esters which
are difficult to dispose of and so cause athcroma and abnormal phospholipids further

b to coronary thromt by mncreasing the coagulabihity of the blood
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Corroborative evidence has come from Bronte-Steu art et al (1956} who showed that
ammal fats and hydrogenated vegetable fat rawse the serum-cholestcrol whereas natural
vegetable oils and the o1l of manne ammals do not

Fullerton et al (1953) prompted by Duguid s theory of atherogenesis studied the cffect
of fats on the coagulability of the blood It had long been hnown that the latter increases
after meals (Mulls 1923 Mulls and Necheles 1928) and there was reason to belteve that a
hipid factor may be coticerned mn the process (Macfarlane et al 1941, Waldron et al 1951)
Fullerton showd that post-prandtal 1s accompanicd by an aceelerated coagulation
ame and suggested that this was a factor i ather 2 D g the app increase
m coronary occlusions he adds It 15 tmportant not to let this partncular aspect over-
shadow the general problem  ¢he cause of 1ts early and frequent locahzation m the
coronary arteries may well be a problem separate from that of atherosclerosts 1n general
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Inhubitory Factors

1 foll, hyperchol 1

Tre simple concept of ath due 10 an excess of
cholesteeol i the dict does not stand up to :mlmzl of human feeding expenments sisce 1t
has been shown that there 35 no clear relation between distary mtake and serum levels

nor accarding to some anthorities {keys 15 a conspicuous exception) between serum
chofesterol levels and the degree of atherosclerons  Expersments mvolving the wse of
various tadubsting agents mndicate that hypercholesterolsesnia may be a factor m cholesserol

atherosch but not ly the determumng factor
That expenmentad atheroscleross can be mhubited m cholesterol-fid vabbuts was first
shown by AMurata (1918) who fed 1 ding or pr g the lesions by adding

thyrowd to the diet Lielug {1020) produced a stmidar effect by the admnsseration of sodine
compounds  Both resubs were confirmed by Terner (1933} who also showed that the
protective effecs of potasssum 1odide 15 destrayed by thysordectomy (Thmes and Khayas
1933}

Since then 2 numbes of agents have been employed which are alleged to mhibit athero-
sclerosts (1) by preventmg hyperchol I {2) by pr g dep of chole-
sterol or (3) by lowenng lhc frcqu:ncy of the grant lipoprotem molecules

(i) INIUSITION OF ATHERQSCLERGSIS BY PREVENTING UYPERCHOLESTEROLAEMIA

Kesten anid Silbowntz: (194..} found that soya lecuthn fed along with cholesterol to rabbies
prevents the usual hyp olaemn and d hes the nadence of atherosclerosis
Adlersberg amd Sobotka (1943) added leathin ro the diet of human cases of hypercholestero-
facmua over a pertod of several months and greatly reduced the serum level whuch rose
agan whean the leothin was withdrawn A ssmadar effect was noted an cases of coronary
disease by Stener and Demarssks {1944) Experumental depression of the serum cholesteral
1 cholesterol-fed chicks has been recorded by Prterson (1951) using soya bean sterols

Hermam (1946) claumed to have effected decholestenization of tisstes (a) gradually by
a Jow far diet accompansed by thyroid extrace and potassum sodide over a peniod of
months or years {b) more rapidly by thead on of cholne meth inositol
alcaual or berenjena

Bile 15 apparenty necessary for the absorption of chalesterol from the bowel (Sipersten
etal 19s52) and as fernc chlonde 15 known to precptate bile salts m wutro this substance
was fed along with cholesterol to birds resulting i 2 relatve depression of the serum
cholesterol and a reduced degree of atherosclerosss {Stperaem et ol 1953)

Hopefal mterest has beent aroused by the dsscm.cty of Polak {1953b and ¢} that siwo-
sterol the s of chol ! 15 pot resorbed i the ak y tract of rabbirs or
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Corroborative evidence has come from Bronte-Steuart ot al  (1956) who sho
ammal fats and hydrogenated vegetable fat raise the scrum-cholesterol wl
vegetable oils and the a1l of marne animals do not

Fullerton et al (1953) prompted by Dugid s theory of atherogenesss s
of fats on the coagulability of the blood It had long been known that th. |
after meals (Mills 1923 Mills and Necheles 1928) and there was reason to t
Iiprd factor may be concerned in the process (Magfarlane et al 1931 Waldren «
Fullerton showed that post dral lip 15 pamed by an accel d cc
time and suggested that this was a factor 1n atherogenests Discussing the apparcn
m coronary occlusions he adds It 1s tmportant not to let this particular aspec
shadow the general problem  the cause of 1ts eatly and frequent localizanon
coronary arteries may well be a problem separate from that of atherosclerosis i gen

40
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All those experiments 1n which the evidence for an mhebitory factor rests on a lesser
degree of atherosclerosis m a treated group of rabbuts as compared with a control senes
may have to be reassessed 1n the light of work by Finstbrook (1950) By feeding cholesterol
to ammals on graded dicts he found a close relationship between the seventy of the
atheroscleross and the relative gam m body weight He has objected therefore that the
results of the alloxan-diabetes expeniments of McGull and Holman and Duff and McMillan
may be attnbutable not to an mhibitory effect but merely to loss of weight by the diabetic
group of rabbuts
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Contributory Factors

THESE are dealt with summanly because while interesting 1 themselves none of them
has been seriously suggested as playing more than a secondary role in the genesss of athero-
scleross Age race physique and occupation being not so much single factors as a blend-
mg of muluple imponderable mfluences are not considered here and are best included
with the staustical surveys

HYPERTENSION

In 500 consecutive cases of myocardial infarction Master et al (1930b) found thes feature
present m over 5o per cent of the male cases and 80 per cent of females The contnibutory
mfluence of fluctuations m the blood-pressure 1n expersmental atherosclerosts was noted by
Amtschlow (1914) Tt 15 common experience that cases of prolonged hypertension rarely
present 1n the autopsy room without severe atherosclerosts It 1s equally true however
that both myocardual infarction and advanced atheroscl are very frequently en-
countered 1n subjects with 2 normal blood-pressure

DISORDERS OF METABOLISM
Conditions m wluch the plasma cholesterol 1s ratsed are usually characterized by severe
atherosclerosis e g diabetes mellitus (Rabinouitch 1935) myxoedema (Blek and Camnp-
meter 1934) or famlial xanthomatosts (Muller 1938) Cook et al (1947) recorded fatal
coronary occlusion 1 a child of 13 suffering from xanthoma tuberosum

ENDOCRINE FACTORS

These are (a) thyrod (b) gonadal
() THYROID

The mfluence of the thyroid gland on experimental atherosclerosts has been mentioned
(Murata 1018 Turner and Khayat 1933) and Black and Campmerer (1934) have reviewed
the literature associating hypcthymxdxsm with atherosclerosts and coronary occlusion
Lerman and Wiite (1946) observed a low basal metabolic rate and a raised serum chole-
sterol n persons under the age of 40 suffcring from cardac 1schacmia

In the expenmental fild Shapiro (19.7) found that thyrordectomy accelerated chole-
sterol atherosclerosts m rabbuts Stemer and Kendall (1046 1949) were able to mduce
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cholesterol atherosclerosis (and coronary occlusion) i dogs — normally reststant to feeding
expeniments — by admmustering thiouracil Friedman et al (1952) found that 1n rats this
drug reduced the rate of cholesterol excretion  thus allowing more to be resorbed 1n the
blood-stream while the giving of thyroid extract had the reverse effect The possible
relation of diminished thyrord activity to hypercholesterolaenma m the older age groups
tas not escaped notice

{b) conaDAL
The mflucnce of gonadal disturbances as a contributory factor 1n atherosclerosis has
aroused further speculanon  The inchoate evidence dentved from experimental and
human matenal may be summanzed under the effects of (1) Castratron (1) Oestrogen
i rattion (m) And d ratton

(1) Castration

Murat and Kataoka (1918) found that castranon accelerates the development of athero-
sclerosis m cholesterol-fed rabbuts an obsersation confirmed by Chuma (1923) and Shapiro
(1927) Rstin and Dunttroff (1954) observed a rassed incidence of atheroscleross in autopsies
of females who had undergone bilateral oophorectomy

(u} Oestrogen admmnstration

The last-mentioned authors also noted a dimunution 1n atherosclerosis m autopsies on
males treated with oestrogens for prostatic cancer Barr et al (1952) noting that women
of the chuld-bearing age are relatively immune to cardiac mfarction  treated a series of
patients convalescing from this condition with oestrogens and observed a reduction mn
the serum cholesterol and i the B-lipoprotemns Furman et al (1954) noted a cotresponding
nise m the a-lipoprotemns m post-menopausal females treated by oestrogens the p-lipo-
proteins were barely altered

Curious but interesting results have been obtaned expenimentally with cockerel chicks
Karx (195.) found that implanted oestrogens cause hyperlipaemma and increased athero-
sclerosis  In cholesterol-fed cockerels however while failing to check aortic athero-
sclerosts oestrogens apparently mhibit coromary atherosclerosis or cause regression of this
condition 1f already established even m the presence of hyperlipacmia (Pick et al 1952
and b) These anthors draw the sigmficant conclusion that atherogenests does not proceed
accordmg to the same biological laws mn different vascular beds

(m) Androgen admimistration
Furman et ol {1954) have observed that theserum of eunuchoid males treated by androgens

shows a lowering of the «-lipoprotemns

From the foregoing there seems to be some justification for adding ocstrogens to the
list of Inlubitory Factors m human atherosclerosis
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The Statistical Approach

Diseases of high frequency but obscure pathogencsis (e g cancer peptic uleer cec ) are
meviably subjected sooner or later to statstical surveys and m recnt years coranary
discasc has also been attacked on this front The mvestigations have been chicfly concerned
with () the mcreased frequency of coronary diseasc and (b) the type of ndradual who
suffers from 1t

{4) INCREASED TREQUENCY OF CORONARY DISEASE

‘Whatever may be the truth about coronary sclerosis there seems to be hitle doubt that
atherosclerosts 1s as old as human history 15 was shown by the work of Shatreck (1008)
and Rufler (1911) on Egyptan mummues  Ruffer exammed a sufficient number to enable
t1m to conclude that atherosclerosts i the aorta and limbs (the coronary arteres unfor-
wunately had been removed with the rest of the viscera) had the same distnbunion gross
characters and microscopic appearance i 1500 B ¢ asat has today and that the disease was
probably as common 1 ancient Egypt as 1t 1s m modern Western ewvibizanon  Most of
the mumnuies were members of the priesthood who according to Ruffer probably e
richly and shunned heavy manual work

Anatonusts have been fammliar with atherosclerosis since the seventeenth century and
probably carhier but as we have scen they were slow to recogmize coronary occluston
For this reason Oskr s concern over the increased mcidence of angmna pectonts may have
been no more than meresed awarencss of a common but undiagnosed condition and 1t
can be furly presumed that a great many deaths cernfied m hss day as myocardial degenera-
tion chromc myocarditis and old age were 1 fact dwcctly atnbutable to coronary
occlusion

More recently however it has been felt that even allowmg for improved diagnosis
and ncreased expectation of life mortality from coronary disease 1s defimitcly 1n¢reasimg
Ryl and Russell (1949) 1 a full staustical review showed that the mortality in people over
the age of 35 was 15 fimes greater m 1945 than i 1921 especally i the 4o-55 male age
group and particulacly among the higher mcome groups

Between 1938 and 1948 the mortality doubled {Afornis 1951) Now while 1t mught be
argued that 1 1921 the disease was not sufficiently widely recogmized 1t 1s difficule to
believe that this was so1n 1938  Morns found that autopsy records at the London Hospital
revealed no metease in atherosch rosis of the coronary arteres smce 1908 although climeal
coronary thrombosis had greatly mcreased a paradox which suggested that more
attentson should be grven to the occurrence of thrombosts than to atherosclerosis alone

46



THE STATISTICAL APPROACH

{b) 112 TYPE OF INDIVIDUAL ATFECTED

A sery carly reference to the predilection of coromary dusease for a social group 1
contamed m an article by Curtrs {1897} who noted the frequency of angma pectorss m
doctors  Osler (1910} thought 1t affected the better classes genexally and recatfing that e
had chasmed such disunguished leeches as Hanter Charcot and Pepper sard that angina
pectons nught be called the morbus smedieonuny Though this was subsequently dismussed as
the iluson of a successful physican with a chentele preponderandy afflnen confirmation
has simce come from the Regustrar General s Reports which show thar medscal men have
an wncrdence fae hugher dhar any ather profession and wmmeasueably higher than that of
heavy manual workers (Conpheare 195.)

It 15 2 commonplace to assoctate coronary disease with what 15 vaguely described as
stross of {as 1f 3t were more precise) stresses and strams  wathout further definwon of
these terms - Certamly violent physicat effort has been known to preapitate sudden death
mndividuals with coronary occlusion but statistically manual workers who for econorme
reasans must go on working after an strack of coronary thrombasis have a bester expecta-
uon of survival than white-collar workers (Plupps 1936)

Master et al (1937b 19393 and b found that coronary thrombosis occurs m all walks of
Uife and all types of accupanon  They farled 1o find a sigmificant correlanon berween
coronary disease and physical exertion exatement ificuon tobacco meals the time of
dav or the season of year In fact the only significant aetiologieal factor was the sex of
the andividual smce the madence m males compared wath formales was 3 4 1 The &if
fevence i the taadence of caranary disease between mer: and women of the sixth decade
ss particularly stnhing (Aekcrman et ol 1950 Wihite et @l 1950 Fusthrook 1951} The
possibility that oestrogens exercise an mhubicory mfluence 1 women has already been
commonted on

Ryle and Ruswell (1949) found that the mercase i muddle-aged men s sigmficantly
greater than m women of hke age and d an occup }or sc 1 enfh
In the social elass which tncorporates professional warkers and business men with admins-
rrative responsiibiies the mortabity of the 40-55 age group 15 ten times that of therr wives
Stocks (1951} confirmed Phipps s views by showmg that only 148 per cent of cardhac
deaths among heavy manual workers ate due to corenary occluston as compared wrth
38 6 per cent m the white-collar class

Recently Morns et al {1953} have p evidence suggestng that mdwiduals
sedentary occupations are more prone to coronary discase than their more acuve fellows
Ammott (1954) thinks that stress 15 2 fallacy the face being that patsents prefer to be rold
that they arc the victums of stram rather than of gluttony or physical indolence

The statistical approach has revealed sigmificant data relatmg o males who develop
coronary disease at a rdanvely eatly age  Yater ot al {1948) analysed a large senes (366)
of Amencan service men below the age of 40 suffering from coronary discase  The
madence n negroes was only two-thirds of that 1 Cascasrans  Obesity was not a sig
mftcant factor  Yater and hus colleagues were unpressed wath the beredisary factor whick
wmerged from a study of the fanuly lustonies ddicrsberg ot o (1949) akso found a famihal
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THE PATHOGENESIS OF CORONARY OCCLUSION

relationship m coronary discase suggestmg a hereditary hypercholesterolaemua especrally
m pauents under 50 A genettic analysis of 35 families sufferng from xanthomatosis
mdicated that the disturbance of cholesterol metabolism 15 mhented as an mcomplete
domnant traic  Duff and McMillan (1951) are mchned to regard hypercholesterolacmic
patients wath premature coronary discase as a dustinct group not representative of the
generahity of atherosclerotie subjects

An even more elaborate statistical survey of coronary discase in young adults has recently
been compiled by Gertler and Winte (1954) who mtroduce biometric methods m their
calculations  Young coronary discase patients arc usually endomorphic mesomorphs and
the physically ocstrogemc type of male 1s less prone to cardiac mfarction than hts more
robust brother Reviewing recent rescarches on serum Irpid chemustry these authors
conclude that 1t should now be possible to pre-sclect coronary-prone mndividuals from
the population  Pending fuller clanfication of these matters however the thoughtful
physician might well questron the advisability of acting on this suggestion

The subject of racial incidence 1nvolving as 1t docs questions of heredity dict economic
and social habuts 1s debatable  Since Oskr s day Jews have been said to be singularly prone
to coronary discase Astatic peoples to be the reverse Recently Bront-Stevart et al (19553)
observed that the Europeans of Cape Penmnsula had a higher maidunce of coronary disease
than the nattve Bantus while the Cape Coloured occupied an intermediate posiion
The meaidence ran parallel to the serum cholesterol and p-lipoprotem levels i the three
groups and the team (of which Kips was a member) detected a stmilar relanionship to
the fat mtake of their respective diets thereby suggesting that the differentiaung factors
are not so much racial as social and economie  However until the problem has been
tackled on a world-wide scale 1t would be wiser to reserve judgment
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Local Predisposmg Factors

Tue biochemists and statisticians have carried their iy esagations sufficiently far from th~
atherosclerone plaque for 2 morbid o app the sard of
Duff and McMillan {1951} that the casual reader of recent hiterature mught wonder whether
some authors concerve of an atherosclerosts so mdependent of the vessel wall thac st may
occur i the absence of the blood-vessels themselves

It 25 true that while more 1s being learned yearly abous the rype of mdividuaf who dies
prematurely of coronary occlusion, and the alteratons m the blood-chemistry that
predispose to this evens little progress 15 bemng made in finding an answer to tw o crucial
g What d the local of att ] plgues genenlly  And
why m parncular are the coronary artenes so frequently mvolved

Arguments on these subjects hase been and sull are largely theorenical or based on
flimsy evidence  Reference has been made to the hypotheses of Rindflensch (haemmc

currents) Thoma {medual bulging) Aschoff { hing) Dugusd (st stress)
Ssolougen (local trauma) and Homson (abnormal movement of the underlving media)
None of these affords 3 compret pl of all the established data

ATHEROSCIEROSIS AND ARTERIOSCLEROSIS

The fact that atheroscerosts can be reachly produced expenimentally i previously
healthy artenes by feeding cholesierol 1o ansmals has tended to obscurc the question of
underlyng pre-exstng artensal changes 1 the human subject The added fact that fibro-
clastic prohiferanon rarely occurs m the human mnma m the shsence of atheromatous
plaques has led to 11s being neglected 1 the connderanon of atherogeness

In recent years howaver nterest has been revived i the exsstence of atterosclerosts
as a separate of not independent entity from atherosclerosis 1t wall be recatled that both
Jores and Aschoff had emphasized the changes m the clstc layer and mnmal ground
substance which m thew view preceded the deposion of hpids the former regarding the
process as pathologscal ( Jores 1925) thelatreras the physiological process of agesng { dschoff’
1924}

Thoma s theory that the plaques were secondary to 2 loss of medl clasuary has laely
been remstated Blumenthal et al (1944} using the micro-memeration techmque found that
mednl calaficaton preceded the formation of mtimal plaques and observed a relanonship
between caletfication loss of classcaty and increasing age  They bebeve thae elasne
frag) and mednal caleification are age changes which result m dilaration of the
yessel and that the mtimal plaques are sccondary (Blumentiiol et al 1950) A somewhat
simnilar view 1s shared by Crau ford and Lerene {1953)
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Lansing and hus assocuates followed up thus work by showmg that while the calewum
content of the media mncreases with age  the ehasun content 15 barely altered—1¢ the
loss of clasnicsty 1 an agemng vessel 15 not accompanted by loss of elasuic hssue (Lansmg
et al 19502)  But 1ge alone 1s not the cause of atherosclerosss since medial calenosts
and atherosclerosts arc not found m the pulmonary artenes of clderly subjects unfess
there 15 some unnatural stress such as pulmonary hypertension {Lawang of al 1950¢)

Thas school defines atherosclerosis as a process inv olving fatty and fibrotic degeneration
of the muma of vessels artersosclerosts as an age-dependent process of fatty and fibrotic
degencration of the intuma accompaned by and generally preceded by calafication of the
medual elastic tissue (Lansing o al 1950a) They msist however that these views i no
way mvole a rejection of the theory of disordered lipid metabolism as a factor 1n athero-
sclerosss

Lansing (1952) deliberately uses the term agemg to cover not only the passage of ime
but exogenous insults to the vessels Afoscheou itz (1950) wisely believes ehat mn this respect
115 impossible to say where normal ageing ends and discase begins  He regacdsthehy per-
plastic changes as an adaptation to nsig intra-actenal pressure from burth to old age and
concludes that atherosclerosts cannot be considercd as synonymous with arteniosclerosis
since 1t 1s not prmary and lacks the consistent morphologic and/or pathogenetic back-
ground of hyperplastic artertosclerosss At best 1t 1s only a part or 1 facultatnve leston of
artenioscleross

MUCINOUS DEGENERATION A$ A LOCALIZING FACTOR
Virchou (1856) observed a gelatinous swelling of the mntinna preceding atherosclerosts
and Saltyplon (1908) found mucord degeneration of the collagen 1n relatton to the hipid
depostts of cholesterol atherosclerosts  Bjorfing (1911) described a metachromatie mucmous
matennal n the ground substance of the mtima and medta of normal artenes which was
greatly increased mn arteniosclerosis It bore a specral relation to the elastic fibres  Schules
(1922) made sinular observations on this substance and noted sts affituty for hpids and
calam
These discoverics recetved Lttle attention until 1949 when Fabcr traced a connecton
between cholesterol depositsand agemg or diseased tissues containmng a substance that stains
metachromatically with methylene blue and wluch he beleved to be a sulphate-con-
tarung polyuromde In the buman aorta he was able to trace a progressive mcrease
thus material wath the age of the subject and he advanced a theary that it acted as a localiz-
mg factor 1 the subseq dep of choll o1 In hypertensive or luctic aortas this
matenal 15 present 1 even greater amounts corresponding to the mereased cholesterol
Rinehart and Greenberg (1949) obseryed an inerease m a basophilic mucoid matenal with
the staning reactions of a mucopolysacchande n the mntimal ground substance of monkeys
suffermg from experimentally mnduced pyndoxne deficiency In prolonged expeniments
(which mcdentally do not invelse the feeding of cholesterol) lipids accumulate 1n these
mucord arcas resulting 1n ty pical atherosclerotic plaques (Rnehart and Greenberg 1951)
While these authors do not claun that pyndowne deficiency 1s the cause of human athero-
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sclerosts they consider thar the morphology and distnbution of the monkey fesions bear
a much closer resemblance to ther huran counterparts than daes cholesterol athero-
sclesosss (Runehart 1954)

Moon and Rinehart {1952} obscrs od an mcrease in mucord ground substance m the mtima
and media of carly lesions m human coronary attenes aecompanied by 2 fragmentation
and degeneration of elastc ussue This 1s follow ed by prolferation of collagen and elastic
fibres and the deposition of chalesterol t the decper hayers presumably carried there by
the vasa vasornm and not theough the mtma  Calaficanon mrramural haemorrhage
and thromboss are all late ph

Small amounts of the mucoid substance are present w the normal sortz both in the
wtima and surrounding the clastic Gbres of the media acting both as 3 cernent and as 2
matnx 1 which these fibres glide (Rusehart and Abul-Hgy 1951) It s suggested chas 1t
may be 2 mother-substance from which collagen and clasun are denved At all events
it appears to have an affimty for the scrum hpuds

OTHER LOCALIZING FACTORS

Most of the evidence from the wolated observations quoted below 1 demved from
expeniments which involve only one type of animaf or from the usc of raumara with no
parallel m human atheroscerosts For example Paterson ¢t al (1948} have shown that
p ous hydropic d 1on of the media occurs i the coranary artenes of certam
breeds of chicken accompanied by secondary atherosclerosts Feeding of cholesterol
causes mote hpid to be deposied ar the site of these spontaneous lesions Agan Taylor ecaf
(1950) and Kelly et af (1958} have confirmed Ssolowjew s expeniments by fist freezng
scgments of the rabbit § aorta with a cold needle and thess feeding cholesterol  The hpid
15 deposited over the traumatized segmems

However medial discase as a precursor of human atherosclesosis {eg n syphiline
aorutss) has long buen recogmzed The abjecuon to the expenments quoted s that
(assumning fatry streakang 15 an early form of atherosclerosss) they fasl 1o explam the early
ntimal leston occurnng i the absence of demonsteable medual disease  In shost thev do
httle more than establish the fact that the deposition of cholesterol may be determined by
{ocaf factors swithout revealing whar those factors are

As regards coranary att 1 at least one Jocal factor may hay & been explamed
by Germger {1951b) who showed that one m five coronary artertes runs fot all or part
of s course withn the substance of the myocardiem  Such vessels have 2 thinner intima
than their epicardial counterparts and atheroscleross 1s much fess common n them  Thas
fends support to Leary s view (19363} that contcaction of the ventncles compresses the
distal {or mtramural} poruons of the coronary vessels so ymposing an unnatursl stran on
the prouimal epicardial segments during systole

Mention has been made of the theory of Dock (1946) who connders that the unusual
thicknuss of the coronary muma even at birth predisposes to atherosclerosss 1 Iater hife
Holens {5951} has abserved diffuse mnmal thickening mn ather attenes prone athero~
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sclerosts which he thinks 1s not a natural development but 1s related to the same mechamsm
that causes the plaques

His earhier work also deserves comment  He found that loss of clasticity 1 the human
aorta 1s dircetly related to the age of the subject and that the earliest and largest bpid
deposits occur m areas most subject to loss of recoll  He therefore suggested that hipid
mitdtratron of the mtima 15 related to mmobiliey of the vessel wall (IWens 1937) In
Chaptcr IV I refcrrcd to the work of Hurmison (1939) who mduced artertal dilatanion (and
pr hed m nt) by lumbar sympathectomy and found more severe
atherosclerosss n the leg arteries on the affected side  HWilens (1942) fitted silver cuffs
round the carotrd and femoral arteries of rabbits to render the enclosed segments less
mobile and obscrved that cholesterol feeding causes more extenstve hipid deposits 1 the

bilized vessel than el e 1n the arcertal tree

Enough has been wrtten of the historical background the screntific herature and the
conflicemg theories concerning the pathogenesis of coronary sclerosts enough ac any rate
to mdicate the importance of the thrombogenic hypothests wath wluch Part Two of ths
work 15 largely concerned



PART TWO

A STUDY OF THE MORPHOLOGY OF
CORONARY OCCLUSION






Xviil

Methods 1nd Matetnls

Tz next eight chapters are devoted to a histopathologteal study of coronary occlusion
The work was ongnally undertaken m an attempt to assess the role of capillary haemor-
thages 1n atherosclerotic plaques as a factor 1 cotonary occlusion (Paterson 1936) and to
examine the thrombogeruc hypothesis of Dugitd (1946) — a viewpome 1t must be ad-
mutted which at the outset the present author was reluctant to accept

It was felt that 2 three-dimensional picture of the more sertously diseased segments of
occluded coronary arteries rmght best be obtamed by seral sections and differential
statnmng  Stmilar methods had been employed by p mv but on a smaller
scale and with hmuted objectves It was also considered advantageous to try to assess
the extent and degrec of atherosclerosis i the whole coronary tree and to compare these
with the condition of the rest of the cardiovascular system  Thus Chapters XXV-XXIX
contamn a rough attempt at corrclation between coronary atherosclerosis and the state
of other visceral and skeletal arteries the condition of the hidneys cardiac weight and
myocardial infarction

For the purpose material was collected from 40 consccutive cases of advanced coronary
disease  Thirty-eight died of coronary msufficiency 2 of unrelated cawses (No 3
spontancous rupture of the aorta No 18 and bronchop - see
Table B) Twenty-six of the 38 werc cases of sudden death .2 being ambulant individuals
who died at home at work 1n the street m the ambulance or withm an hour of admis-
sion 1o hosprtal these were cxamined on mstructions from the Coroner The other 4
sudden deaths were n hospital durmg convalescence from other illnesses (No 9 chromc
nephnts No 11 gastrectomy for peptic ulcer No 14 pneumonectomy for carcmoma
No 25 dibetes myxoedema and hypertension) The remamming 1. were examples of

gradnal death from coronary discase — 1e dying i hospital some days or wecks after a

heart attack

At first 1t was felt that the cardiovascular system of those dymg suddenly would yield
more accurate mformation on the pathology of acute coronary msufficiency than those
dying with myocardial infarcts some days or weeks later where extensive thrombosts 1s
the rule but the ad of ¢ and comp both types were rapidly ap-
preciated In all 116 blocks of coronary artery were sectioned senally and some 5700
sccttons examined  Therr distribution as to the branch affected and the type of death 15
shown 1n Table C

It 15 1mp to ber that although the whole coronary trec was exammed
macroscopically the pic study was confined to seg wholly occluded or
severely narrowed and did not cover carly lestons It 15 therefore concerned with the
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senous late effects of coronary atherosclerosis and only indircctly with the much wider
problem of atherosclerosis

Tasis B
- [![0«'& Sect oned Se wlly
as
o e Age Type of Death & T“ » DB Mﬁ‘t' R Cor Other Aut psy ' dngs
1 M so Gradual - 1 —  ~ Cerebral embolism
Bron hopneumon a
2 M s Sudden — PR - -
3 M 67 Ohercames — 3 — 1 Spontancous ruptuse of
Aorta
4 M 66 Sudden — 3 - 1 —
5 M 44 Gradul - [ 1 Mabgnant hypert n ton
and uraemia
6 M 55 Sudden - ! 1 Chront pulmonary
mb:r:ulmx
7 A 74 Suddn — — - 4
3 M 4 Gradul - - - - Hypcm sion and
f\ ocden;
9 M 48 S dden - 1 —  — Elstype pe 1 nephr us
hyperten on syph
ot tis
1o M6 Suddm - - -~
i F 68 Sudden - 1~  — Post gastreccomv
12 M 7¢ Sudden — 3 — Myomaha ordis nd
h emopen ard um
13 M s9 G adual - - 2 Mult ple mfa cts
14 M s Sudden - - = 1 Post pne monectomy
15 M 78 Suddn - - 1 ) —
16 F 6 (ndal - 2 — 3 Mult ple tnfarcts
17 M sg Suddn - - = —
18 F 7o Othe cuse  — PR 2 Mela om of eye wath
molnple meeast ses
P cumonty
19 M 70 Sudden —- - = = -
o M 37 Grdul — PR 3 Ml ple nfacces
22 M 6 Sudden — 1 2 -~ Diabetes melhtus
2 M 58 Suddn — - 1 1 -
3 F 75 Crdul - - - ~  Dibetes Infarctof b an
24 M 75 Sudden — : = = =
25 F  5) Sudden - - 2 s Dubetes myxocdem
hypertension
26 M 67 Sudden - - ~
7 M 9 Suddem - - - 1
8 M 66 G duil - s 2 Post pro wrevtony
Hyp ri
29 M 6 S dden - - - ~
30 M 71 Sudden - PR —~
a1 M st Sudden — 6 —_ —
32 M 47 5dden - 3 2 — -
3 M o Gadul - T T 3 Acute st ¢ ukee
4 M 53 Sdden — z = H -
3 M $o Gradwl - = - 4 Myon laca cordss
36 M g8 Cadust - - - 1 Hypertension
37 F 64 Sudden — t — — -
18 M 63 Sudden — —_ T — —_
% M 67 Gaduwl - - - 1 Hyp rtension
0 M Sudden - PR
2 so 45 4



METHODS AND MATERIALS

Tams ©
Sullen  Grad ol Dewthjrom
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No of Blacks P I 3 e
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LADD 1 is 5 0
L Crroumbes 1 3 Z i
R Cor 5 w 3 ©

PROCEDURE

Dunng the autopsy the cotavary actenes weze subjected to as few cuts as possible 1n
establishing the cause of death  These were made at night angles to the long axs of the
vessel and openmg the artery by shitung aong s Tumen withs fine-pounted scissors was
expressly averded smee this method as Mane obscrved a5 long ago 5 1896 1 hable o
duladge an pected thrombus not to the facther disadvantages of d 3
the vessel mng and destroying the contmnuuty of the vascular coats i the subsequent
DUCLOSCOPIC examination

The heart was then weighed packed wath cotton wool soaked m 5 per cont formok-
saline and fixed along with the whole aorts and segments of visceral and penpheral
artertes The choice of brachial pophteal and renal artenies for companson was to some
extentarbtrary but o grve some sort of untfornuty thelimb artesies were always temoved
at the same Jevel — 1 ¢ that of the adjacent jomts — and the renal artery sampled m 1t
ruddle third

When completly fixed the coronary arterses were exammed throughout thew
eprcardial coursc by making 2 series of shees ar nght angles to the Jong axis of the vessel
2t mrervab of approxumarely 5 mm  Diseased segments were histed under one of the
followmng headings

t Lef Coronary Arntery {masn trunk)

- Left Anterior Desceading Branch

3 Left Circumfles Branch

4 Tught Coromary Astery and sts Mom Branches

Those shees showing gross narrowing or occlusion by atherosclerosts sntumal haemor
thage or thrombosss were then transferred to Perenyt s Flmd* {to facthiate decalarficanon)
2 note bang hept of ther sequence and the disal aspece of each block of ussue bang
dentified by a short loop of horschair threaded through the fat ar muscle surtounding
theartery Thus ensured that alt segments were blacked wath the provamal surface towards
the cutung end of the block

After decafesficatson the vessels were processed n the usual way and blocked i pacaffin.

*See Append
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In this manner 1t was possible to cut serially through several blocks compnising a diseased
stretch of artery perhaps several centimetres in Iength, and with 2 mmimum of tissue loss
Most of the occluded segments could be included 1n the course of two or three blocks
less commonly s1% to erpht were necessary

Serial sections were then cut at su and every sixth section mounted the remander
bemg preserved between shects of paper for future use if required  Each shde could
convemently accommodate three scctions and as six different stains were employed the
sections were mounted 1n batches of eighteen m the following manner

[¢2) ) ) Y] s} ©)

' 7 13 19 25 31
37 43 4 55 61 67
73 79 85 o1 )] 103

It was appreciated from the outset that hacmatoxyhn-cosin 1s an madequate stan for
vessels generally and for atherosclerotic asteries in particular  Muscle elastic fibres
collagen reticuln fibnin conglutinated red eclls — all stain an almost umform red colour
and the vaned nature of an intmal deposit may be overlooked as shown in Figs 5-6

As there 1s no one stam which reveals all the elements mvolved normal and abrormal
the following were employed m regularly recurring series

Haematoxy hn-cosm

Shendan s clastic stam*

Peniodic Acid-Schuff

Heidenhatn s Azan

Foot s Silver Impregnation

Phosphotungstic Acid-Hacmatoxylin

In the first few blocks cxammed the Benzidine and Prussian Blue reactions were
employed rounncly but the practice was discontinued m view of the imited or redundant
mformation they yiclded

It will be seen that the mounting of every sivth section cut at su means that 1t 15 possible
to compare differently stamed sections at mtervals of 3ou throughout the block proceeding
along the vessel n a distal direction The average block yielded about 100 sections by thus
reckoning

The companson was cffected by means of a comparator eycprece mounted on two
miucroscopes (Fig 4) the two 1mages occupymng therr respective halves of the visual field
(sce Frontisprece) Equivalent areas of ¢ e sections diffe Ily stamed could
then be studied at varying magmfications wathout the observer having to depend on the
memory of a visual image and without unduc ocular strain

This method cnables one to construct a three-dimenstonal 1mage of the clements
myolved 1n repair recanalization anomalous vasculanization mumal haemorrhages hpid
accumulations  calafied plaques fibrnous encrustattons mural thrombosts etc The

* See Appendix
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absence of fat staming 1s an undoubted flaw m the method but for the present purpose 1t
would have been impossible to mamtam and follow the continurey of the finer structures
by any other method than that employed

In each case the thoracic and abdominal aorta were sectioned and m the great majoniry
the brachual popliteal and renal artertes Where necessary a similar technique of serial
section was employed but 1 the aorta and other artenes where serious narrow mg 15 not
a feature the vanous accdents and adaptanons 1 the diseased mtima are less complex
and can be comventently studied by a single set of six senal sections stamed differentially

The appearances 1n the coronary artenes are described first  To facilitate descriptions
which are apt to be tedious numerous photomicrographs arc appended and these form
an mtegral part of the argument The wide vanictv of the nucroscopic lesions makes 1t
mmpossible to asscss the frequency of each in terms of percentages and 1t 15 hoped that the
volume of matenal examined will be considered a mitigating feature for the use of such
vague terms as frequently sometimes rarcly ctc
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In this manner 1t was possible to cut senally through several blocks comprising a discased
stretch of artery perhaps several centimetres 1n length and with a mummum of tissue loss
Most of the occluded scgments could be mcluded mn the course of two or three blocks
less commonly six to eight were necessary

Senal sections were then cut at su and every sixth section mouned the remainder
being preserved between sheets of paper for future use 1f required  Each shde could
conventently acconumodate threc scctions and as six different stams were employed the
sections were mounted m batches of erghteen 1n the following manner

1 d

It was appreciated from the outset that ! y 15 an quate stam for
vessels generally and for atherosclerotic artenes 1n parucular  Muscle elasuc fibres
collagen reticulin fibnin conglutmated red cells — all stain an almost untform red colour
and the vaned nature of an ntimal deposit may be overlooked as shown 1n Figs 5-6

As there 1s 1o one stan which reveals all the clements involved normal and abnormal
the following were employed m regularly recurning senes

Hacematoxylim-cosin

Shendan s elastic stain*

Periodic Aaid-Schuff

Herdenhain s Azan

Foot s Stlver Impregnation

Phosphotungstic Actd-Haematoxylin

In the first few blocks cxamuned the Benzidine and Prusstan Blue reactions were
employed routmely but the practice was discontinued 1 view of the limited or redundant
information they yielded

It wall be scen that the mountmg of every stuth section cut at 51 means that 1t 15 possible
to compare differently stamed sections at mtervals of 304 throughout the block procceding
alony, the vessel m a distal direction The average block yiclded about 100 sections by this
reckoning

The companson was effected by means of a comparator cyepece mounted on two
microscopes (Fig 4) the two images occupying there respective halves of the wisual field

(sce Frontispiece) Equivalent areas of consecutive sections differentmally stamed could
then be studicd at varying magmfications wathout the observer having to depend on the
memory of a visual image and without unduc ocular stramn

This method cnables one to construct a three-dimensional 1mage of the elements
mvolved mn repatr recanalization anomalous vascularization ntimal haemorrhages fipid
accumuhations calerfied plaques fibrmous encrustations mural thrombosts etc The

* Sce Append
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PATHOLOGICAL CHANGES IN THE ADVENTITIA AND MEDIA

sinularly afficted  The significance of this 15 difficult to assess particularly 1n relation to
syphils The lesions were scanty compared to the extent and distrbution of athero-
sclerosts and were not related to the mam coronary orifices m the aorta

In many cases there was no other evidence of syphils chnucally serologically or m
the aorta or other arteries and such a diagnosis would have to rest on the appearances n
the coronary vessels alone  With such a chromc and pervastve infection as syphihs ngid
cxclusion of the diagnosis 1s hardly possible but m the total absence of lesions elsewhere
1t seems more Iikely that the nfiltration 15 a low-grade reaction to the atherosclerotic
process possibly concerned 1n the scavenging of degenerate materral

Horn and Fuklstern (1940) observed sumalar lymphocytic accumulations and unless
these were accompanted by endartentss of the vasa they were regarded as non-syphiinc
These authors pointed out that m four of their cases of syphilitic aortitts the coronary
vessels showed simple atherosclerosis only It has also been my expenence that adventitial
lymphocytosts can occur mn defimitelv non-syphilitic conditions notably the arterio-
sclerotic aneurysms of larger arteres where 1t appears to be an mflammatory reaction to
the subjacent thrombosis

RARER LESIONS

Haemorrhage mto the adventitia was observed only once n a hypertensive female aged
61 with a dissecting aneurysm of the meda of the left coronary artery A somewhat
sumlar case was recorded by Uehlinger (1947) On another occasion a form of athero-
matous softening 1 all respects resembling an atheromatous abscess was found m the
adventitta (Fig o) apparently nght outside the vessel but this was shown a few sections
later to communicate with a sumilar lake of altered blood and hipid mn a large mtimal
plaque from which 1t had been extruded through a small gap n the degencrated media
The only reference encountered m the lhterature relating to lestons of this type was a
paper by Lewry (1936a) who recorded an atheromatous abscess of the aorta which ruptured
through the adventitia and caused death

CHANGES IN THE MEDIA
These are (a) Atrophy (b} Penetration by hypertrophic vasa vasorum

{a) aTROPHY

The late results and complications of atherosclerosis are to a great cxtent determined
by the width of the vessel mmvolved  In the aorta atheroma 1s largely confined to the intima
and does not encroach seriously on the lumen Some degree of fibrous replacement of
the musculo-clastic tissue 15 sometimes noted i the superficial {t ¢ innermost) media just
below the plaque but only 1n very advanced cases 1s this suffictent to cause serious weaken-
mg and 1t 15 generally agreed that nerther dissecting aneurysms nor  arteroscleronc
aneurysms are due to atheroma per s but to degeneranve changes in the medial muscle
or clastic

In coronary atherosclerosis however the base of an intimal plaque 15 much larger m
relation to the arcumference of the vessel at once causing narrowng of the lumen and
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disuse atrophy of a latge part of the media The degree of medial atrophy 15 considerably
less conspicuous i haematoxyhn-costn preparations than m sections selectvely stamed to
show up muscle or elastic fibres

These reveal that the atrophy 15 usually co-extenstve with the mumal plague (Fig 10)
or diffuse 1f the mtima 15 thickened uniformly  Over the thickest part of the plaque the
medta may be absent altogether (Fig 11) or represented by the approxumated layers of
the internal and external laminac only  When this occurs there may be a very free com-
munication between the adventitial vasa and the vessels in the plaque (Fig 12)

It1s mconcery able that the atrophied media splinted by a ngid plaque of numal fibrosis
perhaps six or cight times as thick as the medsa 1tself should be capable of contraction
and 1t 15 thus probable that disuse 15 2 major factor m caustng the atrophy  In some -
stances however degenerative swelling of the plaque especially if decply placed and
calcareous appears to be capable of exerung direct pressure on the adjacent media
resulung 1n focal atrophy An extreme example of pressure atrophy due to focal calaifi-
cation 1s shown i Fag 13

Crawford and Lesenc (1953) have argued that 1f the atrophy 1s due to disuse the media
should be thinned without bemng bulged ourward by the plaque and that as the only
pressute to which the media 15 subjected comes from the lumen the nterposition of an
atherosclerotic plaque cannot mcrease the pressure to which the media 15 exposed  These
argumients do not take sufficient account of the fact that any muscle will atrophy 1£1t 15
demed the power to contract and chat once weakened m this way 1t 1s hable to stretch

{b) PENETRATION BY HYPERTROPHIC VASA VASORUM

Though seldom encountered m single routine sections a very constant feature of discased
cotonary artertes 15 the periodic mterruption of the media by abnormally large vasa
vasorum The prommence of the adventitnal vasa has already recenved comment and
therr penetratton of the meda 1s merely a stage i therr passage to or from the thickened
mtima  Their sigmificance will be more fully discussed 1n a later section

In the healthy media the vasa are quite mconspicuous and require spectal mjection
techmques for their d awon Foodmff (19.6) and Rebertson (1029} although
differmg shightly on the depth of penetration were agrecd that the vasa normally stop
short of the internal elastic lamina and that the mtima 1s nounished directly by the blood
m the lumen The extenstve litcrature on ths aspect of the subject has been ably condensed
by Ramsey (1936)

In atherosclerosss however the penetrating vasa may be wider than the meda atself
(Big 14) a phenomenon frequendy cxaggerated by the corresponding atrophy of the
latter In fact Gewrmger (1951a) holds that the gaps so created are capable of weakening
the media and 1n the example rllustrated n Fig 12 this may be true But a huatus of such
magmitude 15 rare and even with the smaller ones a false impression may be gamned from
2 two-dimensional cross-section The media ymmediately proximal and distal to the
aversge gap ss 1atact and these mfrequent breaches represent no more than 2 few mmute
and widely separated perforattons i a substantial layer of muscle and elastic
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The Episodic Nature of Inimal Deposits

In the first few hundred sections cxammed the differential stams revealed bewilderng
contrasts of a vanety unsuspected 1 the haematoxylm-cosin preparations but later 1t
became possible to disentangle the varous clements and to recognuze certamn patterns that
tended to recur throughout the series

One of the earhiest impressions ganed was that coronary atherosclerosts 1s not merely a
progressive disease but that 1t progresses 1n a sertes of eprsodes rather than gradually
This 15 1n accordance with Dugtud s view that severe narrowing 1s the result of recurrent
thrombosis  The subsequent findings 1n the present investigation all tended to support
this contention It should be re-emphasized however that this study has largely been
confined to the more severe degrees of atherosclerosis

A rough grading of the sevcrity of coronary narrowng has been made by It hute f al
(1950) m which they recogmze four degrees (a) Slight diffuse thickening of the mtima
(b) Concentric thickening of the intima up to a thickness of two or three mes greater
than that of the media () Signet-nng atheroma narrowmg the lumen to about half’
1ts ongmal width (d) Subtotal occlusion n which the intima 15 reduced to a tmy she
to one side of the vessel

It will be seen from the subsequent photomicrographs that the majonity of the seres
were on grades (c) and {d) For companson the wall of 2 normal coronary artery 1s shown
m Fig 15

Before considening the evidunce for the episodic nature of coronary atherosclerosis an
argument to the contrary may be quoted From a study of 536 hearts with coronary
discase Lober (1953) has demonstrated a steady parallehsm from youth onwards between
the subject s age and the degree of coronary sclerosis This merely confirms what was
already hnown namely that atherosclerosis mereases with age and 1t 15 difficult to see why
Lober and his supporters should claim that this work disproves the episodic nature of the
disease  Whether atheroscleross be episodic or gradual due to recurrent thrombosis or
gradual lipid accumulation there will stll be a correlation between the age of the subjece
and the degree of intimal thickening

A LAYERING
In haematoxylin-eosn sections the mntmal thickenng may be signet nng or con-
centric m type according to whether the lumen 1s eccentnically placed or not However
selective staming of the elastic issue reveals that there 15 no essential difft rence tn the nature
of the deposits both showmng the phenomenon of recurrent layenng  In signet-ting
deformuties the seral layers are sct one on top of the other (Fig 16) whereas m concentric
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narrowang a series of roughly erescentic deposits overlap (Fig, 17) gy, the mmpression
that the roundness of the lumen has been preserved by ¢the force of the blood-stream
Fig 18 shows how a signet-ning, defornury mav also be produced by iregularly over-
lappmg deposits

Each laver consists bastcally of a network of coarse fibres with the unctonal reactions
of collagen with fow cells and a meagre blood-supply  The most recent depost 15 usually
less dense than 1ts predecessor (Fig 19)  Superadded flatures are foct of hacmorrhage old
or recent and vanious forms of degencration and necrosis hpid accumuhitions or phques
of calesfication

B INCREASED ELASTIC

An merease m thb amount of lll(llﬂ:\l CI:ISUC 1sa promment [Cﬂnlﬂ.‘ i coronary OCC]USJOH
and tahes three forms (1) Multiplication of the mternal elastic lamma  (2) A covenng
of the seral deposits by fine clastic membranes (3) Elastic envclopnene of the blood-
spaces 1n a recanalizing thrombus

(1) MULTIPLICATION* OF THE INTERNAL ELASTIC LAMINA

Jores (1898} observed a hypertrophy of the mtmal clastic of artenes which mereases
with age  He dtd not regard this as the result merely of physiological agemg however
but as a pathologtcal process due to mereased stramn Thayer and Fabyan (1907) showed
that reduplication of the mtemal elastic lamina can be scen n the radial arteries of healthy
childeen and by the thurd decade 15 a constane feature  Stnce 1t may occur m the absence
of atherosclerosts or hypertension they belteved the elastie changes ugmfied wear and
tear of ageng artenes rather than a spectfic discase  Others have claimed that clastic
reduplication 1s not a prumary change butis preceded by degencrative lestons m the mttma
both 1 the human subject (Rlotz 19153) and expermental ammals (Saltylon 1908)
Whether the ph be d 1ve or reg tve mn ongn the turm  elastosts
will be used m this text m the mtcrest of brevity to sigmfy the mereased layers of mmmal
elastic that frequently hic at the base of atherosclerotic plaques (Fig 22)

Tt has now been shown that the coronary artertes of healthy mfants show reduplication
of the internal elastic lamina soon after birth (Gross e al  1934) At an early age longi-
tudmnal nuncle fibres prol to form the fo-elastic layer and the mnner elastic
membrane contnues to sphe off finer layers to form the elastic Iyperplastic layer a process
that mncreascs with age  Fibrosts calcification and lipid deposits are regarded by Gross as
late secondaty phenomena the whole process bemng the mevitable result of agemng

Gross s observations were made on mdividuals who had not died of cardiovasenlar
disease The relation of age to atherosclerosis 1s discussed in Chapter IX at tlus stage one
may observe that attempts to scparate the physiotogical from the pathological in the age-
process have not only been unsuccesstul but have led to confusion

Many others have looked on this fibro-elasc thickening of the ntuna as an mdication

of that mtimal damage which predisposes to Iipid nfiltration and atheroscleross It ss
smce let? 1 known

«The tern 1 wedin the sense of an mcseased nun ber of £b cs without mplymg actr e prol ferat
ofthe way i hech elastic trssue 15 form
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THE EPISODIC NATURE OF INTIMAL DEPOSITS

curtawly a farly regular feature of atherosclerotic vessels but the extent of the elastosss
35 nor confined to the area of the plaque (Fig 20} The finer fibnls berween the mam
layers lack the conunmty and sharp affnuty for orcem that charactenze the healthy lamma
(Big .1} andit may be that these are aather an immature or a debased form of the thicker
membranes In some plaques a broad layer of elastosts at therr base 15 2 promunent fearure
{Bg 22)

{2} COVERING OF SERIAL DEPOSITS

In the substance of the plague 1self ard fine clastic membranes sharply demarcating the
sezial deposits and contimuous wath the elastic at the margins of the plaque (Fig .3} or
with the healthy muma of 2 branch artety (Fig 24} The central part of the membrane
may be defective {Fig 25} as though a fresh deposit had occurred befare the elisnc
coating of the old one nas complete

Asthe recurrent deposits become thicker a phenomenonalieady referred toas hayenng
cherr elastic integuments are more widely spaced and s sdvanced accumalative lesions
the seral Iayers of elastic may be clearly preserved (Fig 26} Fragmentation or distortion
of the layers suchas appearn Fig 27 are unustal and probably due to secondary degener-
anon or haemorrhage i the plague

The tesistant nature of elastic assue 1 notorous and 1 15 the last formed element to
disappear s necrotic fesans hike nfarcts or gummata  The importance of this observanion
Hes m the fact that an clastic membrane deeply situated m a sclerone plague could actas
a bavner to the mgrowth of nutrstive vessels from the media  The continuous clastie
mettibrane also appears to prevent firm ution between the collagenous surfaces on euther
side of 1t so affording 2 natural plane of fission berween deposts when the plaque 1s
distupted by haemorthage This occurrence 1 deake with m Chapter XXIV under Dis-
section The putpose of the newly formed elasne can only be guessed at butat does seem
to form a protective covertng for the duscased and porousntima 2 bawss for a new endothe-
Yral hinng and a burtress agamst che blood-flow at arceral pressare

{3) TLASTIC TISSUE 1N GANALIZED THROMBL

A simlar phenomenon 1s observed in the course of zecanahzation of a thrombus where
the clastic can be traced from the sntma of a branch to the lnung of blood-spaces formed
by retracvon of the clot {fig 28} It would appear that whenever blood takes 2 new
couse elastie tissue forms a protective wall sround it and thae when a new blood channel
15 formed an effective clastic membrane m ats wall 15 3 condinon of 1ts permanence

Yeregularly disposed elastic may akso be seen sn the heart of an organtzing thrombus
cnsheathing the newly formed blood channels (Fig .9) and both clasne and blood chan-
nels can be traced an serial sections esther to the lumen at one or other end of the thrombus
ot more frequendy to the mouth of a branch artery

it 15 of micrest to note that young elastic ussue stams vividly 1 PAS preparations
apparently before it has acquired an afbury for orcan (Bigs 30 31)
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C SMOOTH MUSCLE PROLIFERATION

The apparently reparative qualtties of chastre ussue are equalled 1 cxeent 1f not m
frequency by smooth muscle which proliferates freely m atheroscleronc plaques or
segments occludcd by orgamzed thrombosts This 1s a phenomenon liable to be overlooked
m hacmatovy lin-cosin prepatations though it shows up readily enough m scctions stamed
by PTAH or Azan

Muscle-fibres 1n phiques can usually be traced to one or other of the followmg (1) The
media at the margm of a plaque (Fig 3.) (2} The Jongitudmal fibres of the muscalo-
elastic layer (Fig 33) (3) The medna surrounding the mouth of a branch vessel (Fig 34)

In on¢ instance muscle fibres appear to have grown directly 1nto the plaque from the
media at 1ts base (Fig 3s)

The new muscle usually hes just below the hning of the narrowcd lumen sometimes
completcly encsrcling 1t and apparently serving no uscful function (Fig 36) Sumilly
m organizing thrombr muscular ingrowth as with the elastic can be traced to the vessel
wall at exther end of the clot (Fig 37) or from the mouth of a branch vessel (Figs 38 39)
encirching erther the blood-spaces formed by retraction of the clot or the small channels
supplying 1t although only 2 minority of the latter may be so favoured (Fig 40) Aswith
the elastic growth may be rather irregular or excessive On one occaston a substantial
cylinder of new muscle had formed round the vascular channcls runming through the
heart of an organized thrombus completely surrounded by a thick layer of atherosclerosis
(Fig 41)

The sinulanity m distnbutton between new nuscle and elastic tissue suggeses a stmlar
rationale namely the proviston of clements required to furmish a new artery wall 1rres-
pective of whether they can function effecttvely or not  The significance and ongin of
smooth muscle fibres i early mumal thtckening have been considered at length by Altsehul
(19s50) Finally the tendency for elastic tissue and smooth muscle to occur both
atheroscleratic plaques and m orgamzing thrombr should not go unnoticed by pro-
tagonssts of the thrombogenic theory
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The Role of Intimal Vascularization and Haemorrhage

INTIMAL VASCULARIZATION

More important 1n the evolution of coronary atherosclerosts though perhaps less spec-
tacular 1s the proliferation of capillanes throughout the plaque To comprehend what
follows a brief consideration of the carhter literature 15 necessary

The mhma of healthy human artenes as stated prcviously 1s nounshed by direct
ambibition from the blood 1n the fumen and 1s not supplied by the vasa vasorum (I oodraff’
1926 Robertson 19.9) In atherosclerosis howcver the bulk of the plaque renders some
degree of vasculanization necessary 1f nutnition 15 to be mamtamed

Vasculanization of the mfima 1n artenal discase was known to Rokitansky long ago
(1841-46) untl recently however 1ts role 1n the pathogenes:s of coronary occlusion was
overlooked  Wolkoff (19.9) described a plexus of small vessels i atheroscleratic patches
dernved from the vasa vasorum and from capillaries communicating directly with the
mam lumen but she regarded 1ts function as connected solely with the resorption of lipyd
from degenerate plaques and not as an mmportant factor n the evolution of the lesions
Similarly Leary (19352} stated The mfluence of the vasa vasorum 1n connection wath
the lesions of atherosclerosis 1s relatr ely ummportant

However Paterson (1936) found that haemorrhage from the capillanes 1 athero-
sclerotic plaques was a frequent source of coronary thrombosis He attnibuted a nutninve
function to the vesscls the plexus derived from the vasa supplying the deeper part of the
plaque the superficial network anising from the liming endothehium to subserve the top
lIayer These two plexuses communicated but as some of the vessels lay m degenerate
areas they were hable to be ill-supported and certam of them communicating with the
main lumen at artersal pressure were prone to rupture In a later paper (1938) he mamn-
tamed that secondary thrombosis 1 the lumen could resule from (1) Superficial haemor-
thage causing diffusion of a thromboplastic substance from the muma to the lumen
(2) Rupture of nutrient capillanies leading to necross of the overlyng intimal hnung
(3) Retrograde thrombosis from a ruptured capillary 1n the direction of the lumen

Wartman (1938) showed that a larger hacmatoma m the depths of the plaque could
<cause fatal occlusion merely by rasing the overlying intima and compressing the Iumen
to a natrow st I intermtz and his (1938) by employing the Spalteholz tech-
mque on diseased arternal segments were able to confirm the castence of the two com-
muncating vascular networks but the value of their work was somewhat marred by
thesr arguments (1) that the healthy mtima has a capllary blood supply (a clam they
were unable to substantiate)} and () that atherosclerosis 15 no more than the end-resule
of repeated mtimal haemorrhages a theory that brought a reminder from Leary (1938)
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that atheroma begins in the most superficial lay ers of the ntima m the part furchest remoyed
from the vasa

Followtng Dugind s theory of the thrombouc ongm of atherosclerosts earher behefs
were somewhat modified  Gerrmger (1951a) developing Paterson s concept mamtanced
that vascularization s a functon of tntimal thickness and that when the coronary mtima
exceeds the crical thickness of 0 35 mm  nutauon by imbibon from the fumen 1s no
longer adequate and vesscls grow imto the plaque to nourish 1t The deepet lavers are
supplied by transmedial ingrowth trom the advennnial plxus the supetfictal zone by
vesscls derived from the organizing thrombus which (by Duguid s postulate) 1s the basts
of the plaque These two plexuses may anastomose but should the superfical one be
laching the plaque 15 sustained by the vasa alone and necrosis of the central part mas
follow

Crait ford and Lescne (1952) have advanced the theory that the superficial plexus 15
derrved from the endothehum of the lumen which overgrows the clot from its margms
They believe that endothelial cells are also capable of assuming the function of fibroblasts
and help to organize the superfictal part of the thrombus The superficial and deep
orgamzang processes may fail to ink and the residue of the clot depnived of blood mav
undergo fatty degeneration and necrosts This would account for the appearance of Fig
42 m which the degenerate zone 1s sandw sched between mner and outer rings of fibrosts
a not uncommon phenom:non

The present mvestigation carnies these arguments a stage further The concept of sup 1~
fical and deep vasculanization 1s sustamed with certamn modifications set forth below

The deep plins

Reterence has been made to the gaps in the media caused by the passage of hy pertrophied
vasa vasorum  On entermg the base of the plague these often Ik up with a series of
penpheral blood sinuses (Fig 43) The latter though thin-walled are not capsllanies i
the ordmarv sense bemg much larger and often irregularly shaped  Crescents of these
s esare scen between the media and the base of the plaque (Fig 44) and this distnbution
35 50 striking that 1t 1s difficult to escape the concluston that they are the late result of
cetraction of the thrombus from the vessel wall —1¢ margmal recanalizaton  Their
mode of orgun m a recently thrombosed artery 1s suggested by Fig 45

Thus behef 1s strengthened by a study of plaques showing layermg  When a sccond
thrombus 15 deposited on the first 2 crescent of vessels derived from the endothehum
covenng the first thrombus may be formed between the deposits (Fig 46) If there arc
several depostts the vascular crescents may be found to be closely related to the clastic

membranes separating them (Figs 47 48)

The superfical plecus
Thxsp £o would seem to be prumanly a by-product of thrombosts rather than 2

unsh the superficial layers of the plaque -~ which are m any case
lumen As orgamization proceeds the blood-
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spaces are reduced in size and number (Fig 49) until a network 1s left which 1s adequate
for the supply of the plague

Once orgamzation 1s complete however there 1s no reason to suppose that the super-
ficial plexus continues to dertve blood from the lumen  as some have mantamed  Indeed
all the evidence mndicates that while communications with the lumen undoubtedly occur
(Fig $0) they are sufficiently scarce even in seral sections to be wholly madequate for
the mamtenance of an effectrve blood-supply  Free commurucanion howcver can readdy
be demonstrated between the superficial and deep plexuses and 1t 1s thus likely that when
orgamzation 15 completed the extent and distribution of the vascular network 15 thereafter
determined by the requirements of the plaque only and that the umted plexuses function
as one supphed by the enlarged vasa vasorum

Angular vessels

Bestdes bemg nourshed from ts base the plaque very frequently receives a blood-supply
from fairly promunent vessels which enter 1t from the margins These angular vessels are
alughly charactenstic feature of degenerate plaques and are a prime source of haemorrhage
(Fig s1) They can be traced by seral sections mto the atheromatous focus (Fig s2)
and 1 the other directron they communicate with the vasa vasorum Bemg primanly
concerned with scavenging they ramufy 1n the degenerate areas where they are chin-
walled and poorly buttressed (Fig s4) and so are lrable to rupture causing haemorrhage
1mto the softencd area

Their presence m degenerate foct was taken by Leary (19362) to negative any claim that
the vessels supplied nutrition to the plaque but there 15 good reason to suppose that the
degeneration occurred first and that the vascular twigs 1n such areas arc a response to the
need for absorption of necrouc tissue I this 1s true 1t 15 an observation of some 1mpor-
tance and the subject 15 discussed later under Degeneration 1n the plaque

In gross signet-rng deformuttes with several superimposed depostts a whole series of
these vessels may form a promment plexus at the margms of the plaque Branches are
gwen off to each layer and if atheromatous softening 15 a fature micro-haemorrhages
are common (Fig 7)

The vasculature of the plaque as described up to this pomr 15 shown diagrammancally
mFig 53

Communcation with the lunen

This 1s so infrequent that 1t may be regarded as both mcrdental and nsignificant In-
growth of capillary endothehum from the lumen may occur in recent thrombosss as
shownm Fig 55 and as suggested by Crawford and Levene but this seems to be a feature
of orgamization and not a proviston for the rutnition of the plague later on

Occastonally a small pit can be observed m the surface of the plaque communicating
with a superfictal nctwork  One of these has been shown in an organizing thrombus
(Fig 49) and others were scen i fibrous plaques (Figs 56) Their mode of formation 1s
suggested by Fig 57 which shows a parnally organized thrombus on the deep aspect of
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which are several large blood smuscs commumeatng with the lumen through a large
openng  Paterson (1936) was first inchned co ek that communicatton with the arterral
blood i the lumen was a factor m causng rupture of the capillarics 1n the plaque but
later (1938) he revised thus vicw and stated that lack of support by the degencrate hipid
was the most important consideration

Muscellaneons obscrt ations

A bizarte appearance noted on several occastons was caused by several small vessels
passing wito the plaque on erther side of a narrowed lunten close to the mouth of a
branch artery (Fig 58) A sumilar prcture 15 sllustrared on pp .5-6 1 the monograph
of Wintcrmiez et al (1938) atrmbuted by them 1o the passage of vasa vasorum from the
branch vessel Comparison with Fig 24 however shows that they arc simply a pare of
the decp vascular network that forms betsween seral deposits — m this case round the
mouth of a branch artery In fact onc of the twigs ternunates m a zone of necrosts

Fibninowd necrosts of an arteriole 1n the centre of a plaque was observed only onec (Fig
$59) m a dizbetic patient with hy pertension

The conclusions reached on the subjecr of mtimal vascularizanon may be bricfly sum-
marized (1) The deeper parts of the plaque are supplied by penpheral vascular clefts
which form as a result of marginal retraction of the clot and later Iink up trinsmedually
with the hy pertrophied vasa vasorum  (2) The superficial vessels are the restdue of orgam-
zation of a mural thrombus altimately deriving their blood-supply from the deep plexus
and not trom the mam lomen  (3) When organtzation s complete the subsequent exten-
sion of the vascular network 1s determined by the dual requirements of nutrtion and
degencration  (4) Thus nerwork though readily demonstrated 1> inefficient and made-
quate for these requirements and so degeneration and hacmorrhage occur m the plaque
and thur waste-products accumulate theren

HAEMORRHAGE IN THE PLAQUE

Once an atherosclerotic plague has undergone degencratton small haemorrhages mto
the softened area from the 1ll-supported vesscls at 1ts margmns are an almost constant
feature Thesc extravasattons are no mere termmal event and the frequency wich which
they occur 15 mdicated by the presence of scveral small hacmorrhages in a single deposit
clearly of different age though all recent enough to be identifiable mucroscopreally (Fig
s1) It s therefore safe to assume that the average atheromatous abscess has been subjected
10 repeated micro-hacmorthages over a long period and that 1ts pultaccous contents arc
partly hacrmuc 1n onigin

When blood 15 discharged 1nto a degencrate. focus 1t disrupts the contents and becony™s
inumately mixed with them (Figs 60 61) ‘When the haemorrhages are muluple and of
dferent ‘ages 1t becomes difficult to distinguish atheromatous softening from alrered
blood although stamng by Azan and PTAH assists m differentiating some of the clements
Fig 62showsatypreal atheromatous abscess in which macrophages with foamy cytoplasm
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cosnophilic granular protemous debus recently extravasated red cells and 2 coarse
fibrillar network of degeneranng fibnn are all recogmizable In fact every possible
combimation of degenerative and haemic clements was observed throughout this sertes
with every possible transition between atheromatous softening and altered blood The
wide range of appearances can be satisfactonly accounted for only on the assuruption that
they represent the degenerative products of haemorrhage as well as necross  Therefore
Dugud s hypothesis that atheroma 15 a process of fatty degeneration occurnng i a throm-
bus should be extended to include the restdues of maumal haemorrhage

It may be objected that this 15 not the manner n which haemorrhage or thrombosts are
dealt withm other tissues but consideration must be gtven to the face that the atheromatous
abscess owes 1ts presence to madequate vasculanty of the phique and the resistance of
cholesterol to absorption  Thus the usual features of haemic organization —1¢ granu-
latton tissue phagocytosts of haemosiderin etc — are not gencrally observed

In temns the conditions precedmg thrombosis are very different since the muma on
whicli the clot 1s depostted 15 usually a healthy vasculanized membrane which allows rapid
mgrowth of capillaries 1nto the thrombus followed by the customary features of orgam-
zation But i atherosclerotic artenes the mtima has been replaced by a thick relauvely
avascular plaque and quite large thrombi may become sealed off from the rest of the
arculation by a fibrous cylinder and ultimately degenerate mto a yellow pultaccous flud
with a high lipid content This process 1s not confined to coronary arteries and may be
scen 1 long-occluded arterosclerotic ancurysms (Fig 3)

The factors producmg intimal haemorrhage have been fully reviewed by Paterson (1936
1938) the main ones bemng the thinness of the vessel wall i relaton to 1ts diameter and
the lack of support afforded by the surrounding degenerate materal 1 the resorption of
which the vesscl 15 engaged (Fig 63) The evtent of the haemorrhage is deternuned by
the nature of the supporting tissuc n the reticular nerwork of granulaton ussue 1t 15
generally quite small (Fig 64) whereas 1n soft pultaccous foci it mav be massive (Fig 65)

Larger haemorrhages arc readily vistble to the naked eye varying from rid to brown
according to their age  The frack of such hacmorrhages 15 also determmed by morpho-
logacal considerations  Dense collagen acts as a barnier and 1n a deeply placed focus of
softening the blood may be confined and converted into a haematoma which swells the
plaque and narrows the lumen further (Fig 6)

In the more superficially placed foct however the blood tracks towards the lumen and
causes occlusion or sudden death (1) By rasmg the overlying inttma and compressing
the lumen mto a narrow sht at onc side of the vessel (Fig 66) In the autopsy room ths
15 often mistaken for a clot occluding the lumen  (2) By damagmg the mntima by leakage
(Fig 67) 5o mtiating secondary thrombosis i the lamen  (3) By croding the roof of an
atheromatous absccss causing rupture of its contents mto the lumen followcd by sceondary
thrombosis (Fig 68)

A deep hacmorrhage may track obliquely towards the lumen between two sertal deposits
and emerge at the margin_ giving nise to thrombosis or even rupture of the plaque (Fig

140) This phenomenon 1s constdered later under the headmg Dissection and scems to
8
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be due to the evsstence of a natural planc of fisston between the deposits I believe that
this 15 because they are separated by an clasc membrane wluch prevents firm union of
the collagen on erther side (Fig 138)

Small subendothelial haemorrhages are common too ramsing the endothelium and ats
basement membrane from the underlying plaque  They are frequently obscrved to occur
at the margin of a superfictal layer of lipid-containing macrophages (Fig 69) where as
m the deeper focr marginal vasculanzation occurs  The importance of the superficial
haemorrhages hies i their capacity to mtiate thromboss

Summarizing one may say that the small hacmorrhages are important becausc of the
cumulative cffect of their degencratve products while the larger ones are important
because they may cause occlusion or mitiate thrombosis  Their ability to compress the
lumen agamst artersal pressure has been questioned (Enghsh and IWillius 1943) and Drury
(1954) hus stated that all the larger haemorrhages are due to 1rruption of blood from the
lumen through a tear m the plaque  His expenience 1s 1 direct opposition to the seral-
section studses of Paterson (1936) FWartman (1938) and myself

Fig 67 for example shows a recent haemorrhage mn a deeply placed atheromatous
abscess Blood has leaked through the roof of the phque and has caused a small thrombus
to form on the devitalized lining of the vessel shortly before death It 15 difficult to see
how this could have resulted from weruption of blood from the lumen
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The Nature of Artertal Thrombosis

Most of our concepts of the morphology of mtravascular thrombosis and recanalization
are based on a study of diseased vns But the crcumstances under which artenal throm-
bosts occurs are rather different especually 1f the artery 15 atherosclerotic For one thing
there 15 the force of the blood-stream at artenial pressure tendng to mould the surface of
the clot and to dislodge the looser elements  Secondly there 1s the avascular state of the
mtima exaggerated m atherosclerosis and formung a poor basis for orgamzation as com-
pared with the vasculanty of tts venous counterpart Thirdly thete 15 the difference m
oxygen tension 1n venous thrombosis the low oxygen tension 15 a stmulus to capaflary
growth whercas i arteries both the higher oxygen tension and the greater hydrostatic
pressure 1mpedc the growth of young vessels (Crau ford and Levene 1952)

Agam  the venous system 15 a network and when one passage 1s obstructed the blood
fairly eastly finds an alternative route  When an artery 1s blocked however infarction
occurs unless the circulation s matamed by (a) recanalization or (b) collateral crrculation

Eatly 1n the present investigation the differences betw een arterial and venous thrombosts
and their sequelac became apparent  Complete occlusion of the lumen by granulation
tissue alone similar to that seen 1n orgamzation of a venous thrombus 15 on the whole
exceptional m coronary atherosclerosts (Fig 70) although lesser degrees are common
enough ¢ g 1n the final closure of a vessel already severely narrowed (Fig 71)

In such mstances the granulation tissue contrasts sharply wath the acellular plaque and
1ts basts can always be traced to a segment n which the mtima has escaped severe thicken-
ing An extreme example of this 1s dlustrated 1n Fig 7. Even the granulatton tisue may
be atypical wath the usual capillaries and reticulin network but few fibroblasts or leuco-
cytes and hittle sign of a vascular 1on with the surrounding plaque (Fig 73)

A reasonable mference 15 that healthy granulanon tssuc demands an ample vascular
supply and this 1s lacking on the surface of an atherosclerotic plaque  But 1f this 15 so
how do the crescentic and relatvely avascular serial deposits come to be orgamzed once
on top of the other cven to the pomnt of occluding the vessl (Fig 74) 1f we believe that
they onigmnate m thrombi there must be somethung different esther 1n the manner of thar
formation or their orgamzation — or both

Two other anomalies demand explananon Farstly there 15 surprisingly ltle evidence
of red cell destruction 1n the form of | denin 1n young atherosclerotic plagues
although 1t 15 2 promunent feature of organizing venous thrombt  Secondly despite the
frequency of superimposed deposits there 15 little sign of intermedrate stages between
whole blood and colla en recent deposits apparently having a coarsely laminated structure
at an early stage
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After examming 1 constderable number of plaques and thrombs of all types I have come
to the conclusion that such atherosclerotic plaques ongmate 1 dus manner followmg
thrombosis the majority of the red culls are washed out of the fibrin network by the force
of the blood-stream whtch moulds the fibrm mto a pale lamunated crescent to one sde of
the vessel and that thereafter orgamzation 15 «ffected by fibroblastic ingrowth from the
surface transformmg the fibrmous limmae to collagen without the aid of extunsive
capillary proliferation

The germ of thushy pothesisisnotnew  Rolst mshy (1841-16) wrote  The deposteis anena
dogenous product dertved from the blood and for the most part from the fibon of the
artenal blood  Drgnid (1949) stated that most artertal thrombt do not cause total occlusion
but merels form hibrmousdeposits on themtimalsutface - McLetehue (1952) noted that musal
thrombi 1nduced n the pulmonary artenes of experimental ammals by myections of
Russell viper venom rapidly became pale and concluded that the haemoglobin had ben
washed out of them  Crau ford and Lescn (1952) suggested that fibrmous lammae could
be converted to collagen by endothehal cells growng 1n from the surface and assunung
the fanction of fibroblasts

Frg 75 shows a recent thrombus retracting from the vessl wall to peroue a certam
amount of ginal ¢ 1 A higher fi (Fig 76) shows 1t to contam
a number of srregularly shaped lakes ot red cells and leucocytes fned by fine mem-
branes not unhke the Iines on a contour map and unctorilly equuvalent to fibrm * It
will be noted that the proportion of fibrin to cells is unusually high ~ As the fibrm continucs
to retract the cells will be squeezed from the antesstices assisted by a blood flow atarsenal

pressure

RECANALIZATION

As  rule the clot 1s attached to the vessel wall on one stde only and becomes flattened

towards 1ts basc by the pressure of the atterial blood the fibnin netw otk bemg compressed
mto a sertes of lammac parallel to the vessel wall rather Iike the layers m an ancurystnal
sac (Figs 77 78) Most of the red cells are washed away but the remamdcr coagulate
between the fibrinous laminac and come to form part of the deposit The whole thrombus
soon Joses the stamng propernies of fibnn and sed cells (Fig 79) and n haematoxyhin~
cosin sections comes to resemble hyalimized collagen a face also noted by Dugiid (1948
1955)
Atan carly stage the retracting surface becomes overgrown by the lumumal endothelom
at the margins a phenomenon that scems to occur furly rapidly (Fig 80)  Elsuc over-
growth also occurs and the superfictal Jayers of the clot are organtzed from the surface
(Fig 81) possibly m the manner suggested by Cran ford and Lcvene {1052) The deuper
part 15 orgamzed by means of the plcus which forms between vessel wall ind depostts
and 1f thys 1s madequate degencration follows

Reteaction of the clot 1s a major factor in restoring blood flow and preventmg myocardsal
mfarction It thus occurs carly before the constituents of the clot have lost therr staying

ath ¢ thes
Lesgue D ] H Humble of the H ¢ natology Department of Westm nster Hospital s suygest
fhe o mayjbc due to the action of £ wmolys n elaborated by the leuco yees in thert
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THE NATURE OF ARTERIAL THROMBOSIS

properties A thrombus previously filling the whole lumen may retract from most of
the vessel wall so that the arculation 15 partally restored (Fig 75) Often however 1t
remams tacked to the wall at several poms givng nise to the crescentic spaces at the
periphery that later form the margmal blood smuses (Fig 45)

Occasionally contraction may be enough to detach the superfictal layer of an athero-
sclerottc plaque from 1ts deeper layers (Fig 8.) creaung a cleft mto which blecding may
ocear similarly central cicatricial shrinkage later on may lead to wnnkhng of the fibrous
penphery of the plaque (Fig 83)

Should the occluding thrombus remain anchored to the vessel wall all round sts pert-
phery recanalization may be ¢ffected by the persistence of large blood channels m the clot
(Fig 84) InFrg 85 a large haematoma 1n the plaque has mtiated thrombotic occlusion
of the lumen followed by recanahzation of this type  As the fiban becomes orgamzed
spaces are left which confluesce towards the tal-end of the clot  Such channels may be
quite numerous (Fig 86) and therr presence at the distal end of an organized thrombus
miay be due to the tact that the Jatter has not been subjected to the same moulding efficts
by the blood-stream as at the proamal end  Formations of this tvpe could hardly result
from organization by granulation-tissue although both types may coexst (Fiz 87)
presumably depending on the vagaries of the vascular supply

FIBRIN OR COLLAGEN

In recent thrombt fibrn stams an mtense purple with PTAH At an carly date 1t loses
its spearficity at first staming patchily (Fig 88) and later on a light brown lItke collagen
At this stage 1 haematoxylm-eosin scctions 1t 15 barely distinguwishable from the sur-
rounding collagen (Fig 89) and so may cscape notice 1m routine autopsy sections

Fig 90 shows a lammated thrombus stained bv hacmatoxylm-cosm w hich superticially
resembles collagen It 15 however palr and closer mspection reveals that 1t 15 quite
accllular and avascular  PTAH (Fig o1) shows streaks of fibnn m the deposit and there
1san cven morestreaky appearance with Azan (Fig 9-) This equivocal reaction with Azan
1s very common mn superfictal plaques parts stamng deep bluc ike mature collagen while
others are pale blue orred Theress however no break 1n the continmty of the individual
fibres parts of which mav be blue others red Clark et al (1936) noting a sumlar app ar-
ance 1n some of thesr cases reported that well preserved fibres staning as collagen are
scen side by side and even dove-tailing withun fibrin-staiming bands

Since fibrin retamns 1ts affimty for carmne for 2 longer period than with PTAH there s
reason to belicve that such plagues consist of fibrn 1n the process of bemng transformed to
collagen Thus 15 an tmportant pome since the paucity of recogmzable intermediate stages
between arteral thrombosis and collagenous plagues — for example acatrinng granula-
tron tissue — 15 a fornudable objection to Duguid s theonies I however fibrnous laminac
arc converted to collagen by fibroblastic actryity alone this objectionis removed  The full
understanding of this evolution would require experimental work outside the scope of
this study  but one may note that recently Letene (1955) has exammed apparently colla-
genous phques by the electron mucroscope and found that they consist maily of fibrn
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THE PATHOGENESIS OF CORONARY OCCLUSION
TOTAL OCCLUSION AND COLLATERAL CIRCULATION

‘When occlusion of the lumen 1s complete and permanent then airculation can only be
mamtamed by collateral zeserves It 15 well known that m certam mdrviduals complete
obstruction can occur without nfarction (WWearn 1928 Saphir ct al 1035 Schicsinger and
Zoll 1941) a phenomenon attnibuted to an unusually nich collateral airculation (Ober-
hcdman and Lo Connt 1924)  Barncs and Ball (1932) estimated that coronary thrombosts
was aslow process which might take one to three days to causc total occluston an mrerval
which should allow time for the collateral circulation to become sufficiently effective to
avord massive myocardual infarction  Doubtless the higher artenal pressure 1s a factor m
ensuring that the arculating blood 15 coaxed mto every avalable collateral channel

The collateral circulation 1s ffected through the branch vessels and their ramifications
mcluding the nich adventitial plexus and 1t 15 therefore obvious why foct of severe athero-
sclerosis (1¢ old thrombosis) are so frequently found occupying a segment of the man
vessel between the mouths of consecutive branch artenies Clearly part of the blood
the proximal branch 1s deviated through anastomotic channels to a more distal branch
and so back to the mamn lumen

This has been well allustrated by Wtz ot al {1938) That such a phenomenon
oceurs and oceurs frequently cannot be doubted for 1f 1t did not the rest of the vessel
distal to the obstruction would be bloched by orgamzed thrombus A farly typical
appearance at the proxumal end of an occluded segment 1s seen 1n Fig 22 where several
crescentic deposits are superimposed opposite the mouth of a branch artery It 1s not
fanarful to infer that 1t 15 the current from main lumen to branch that 1s responstble for
moulding the serial deposits in this manner

In such a casc the occluston of the mam lumen 1s €
episodes and so the load 1s not thrown all at once on the collateral airculation  Eventually
the restdual Jumen of the mamn vesscl closes off altogether and Fig 93 shows how the
dimmshing current produces a series of crescentic lanunae 1n the fibrm of a recent throm-
bus a pattern reproduced when 1t later becomes orgamzed 25 can be scen m the older
adjacent plaque

Before occlusion 1s complete the lumen of the mam vessel may extend nto a grossly
sclerotic segment for a short distance m the form of a tapering conc emerging as an
expanding cone at the distal end This 15 repeatedly scen m seral sections of narrowed
vessels Fig 74 shows how the rotundity of the lumen 15 retamed even m extreme
narrowing and despite the eccentric distribution of the sersal deposits This phenomenon
1s not obscrved m venous thrombosis and 1s doubtless due to the moulding effect of artenal
blood Even mn larger thrombr one may observe the tendency to retan 2 rounded flund
channel at the centre (Fig 94)

Eventually the tapermg channcl s scaled off altogether a process illustrated by
differently stamed sermal sections (Figs 95 96) They show that thus termunal depostt
conssts of concentric layers of fibrn which later undergo transformation to collagen
Such an appearance could not result from the more orthodox forms of organizatton

thrangh the medum of a capallary network
98
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THE NATURE OF ARTERIAL THROMBOSIS

Refrence has been made carlier to the sy 1n which an orgamzing thrombus causing
total occlusion mav become permeated by <ubstantial vessels of artenal type formed by
the extension of elastic and smooth muscle from the mouths of branch arterses or from
cther end of the depostt (Fies 29 40) These remarkable structures are quite out of
proportion to the requirements of granulanion tissue and consneute 2 form of recanaliza-
tion The dilated state of the vasa vasorum in total occlusson suggests that they 100 play
a small part m the collateral airculation

LOCAL FACTORS IN THE CAUSATION OF THROMBOSIS

So far 1 have buen concerned with thrombr of substantial dimensions only and the wrm
mural thrombi has nat been apphed to tho e small wisps of hbrm that adhere to the
st and arc hater incorporated m 1t by endothehat avergrowth  These are treated n
the next chapter

From time to time however one encounters small recent thromb: which afford the
opportumty for looking for abnormalitis w the underlving muma It 15 unbikely that
the precipttating factors m cotonary thromboss woll be discovered through morbad
histology alone but ob ervanon of morphe logical abnormualines mast consutate at feast
part of the answer

One great ddfficulty thac besces the study of the meuma undertying large or old thrombs
1 that any conclusion can be rendered mnvalid by the argument that the mumal changes
are Just as dikely to be the result of thrombosss as the cause  The following observanons
swere all on small or recent thrombr and their causation would appear to be varied

(a) Ocdemnn
Fig g7 shows early mural thrombosis at the mouth of a branch artery  The underbying,
mtimal stroma ss teased out by «edema

(b)Y H cmorrh ¢c
In Fig 98 a small superficial haemorrhage has raiscd the endothehal linmg of the vessel
and the threads of fibrm in the resultant thrombus can be traced o this pomnt (Fig 99)

{c) Recont thrombosss

1 have sugeested catlicr thae overgroweh of a thrombus by an clasue membrane »
wssential to the health of the nw mumal hamg This 1s supported by the frequency with
wlich a fresh thrombus 15 deposited on an older one which 1s incomplendy cosered by
clastc (Fig 100}

(d) Eibrnous encrustations
A reeent fibrinous encrustanon meompletly assimlated by overgrowth of endo~
thelmm may form  basss for fresh massive thrombous (Fig 101} This ss really a vanane
of {c)
o1
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(e) Subendothehal hprd

Fig ro. tllustrates mural thrombosis at an angle 1n a Jumen deformed by signet-rng
atherosclerosis Below the linmg endothelium 1s 2 broad layer of hpid-contaming macro-
phages not co-ctensive with the clot and clearly present before thrombosis occurred

(£) Rupture of an atherosclerotie plagu
The causes of rupture are discussed later  Loss of the himng endothehu u alone may
muttate thrombosts  Its occurrence at the margm of an mtimal tear 1s shown m Fig 103

(g) Degencration or necrosis of the mtima
It a hacmorrhage or an atheromatous abscess should extend to just below the surface of

the plague the damage to the overlving endothehum may lead to thrombosts (Fig 104)

Mulaple occlustons and their relation to myocardial mfarctton are dealt wath tater
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Fibrn m Athcrosclerotic Plhgues

T presence m stheroscloronc plaques of fibnn or a fibnn-hhe substance with speuat
stans has attrated attenwon for many years Mallory (1914) was among the fiese to
observe in the subendothelial layers thin Rakes of this material which he took tor hibrn
trom the blood undergaing orgamzation a process which he regarded as responsibk. tor
the fibrous component of atherosclerons
Leary (1934} found argyrophul fibres m this matcrial whach he therctore interpreted as
fbrnowd necrons of cotlagen due to partial mfarction of the plaque and conwdered a frequent
source of coronary thrombosss i the younger age groups Clark of al (1936) obs rvd 2
sumdac substance m the fatry degenerate ateas someumes mingled with red lls and
Jencocytes and concluded Ike Mallory that «¢ was fibnn Its pre ence w the foor of
atherostlerone ulcets suggested secpage imto the plague from the blood-stecam
The layers below the surface endothelum (Pig 101) they regarded as surface thrombs
undercomg orgamzation  They turthes pomted out that the argyrophul fibres observed
by Leary mught have been Jaid down by fibroblasts 1n the course of orgamzavon or
ahternatively formed by the sphtting of collagen mto s component fibnils befare or aftcr
penetranon of the plaque by hacnue elements - Schfosamun (1942} tried o revive the theory
of fibrmowd necrons by showing that only a part ot the marunal 1s digested by tripsm
and the resdue not bemg hbon must thercfore be necrone collagen The argument
however 1s unconvinang
Dargind (1948) showd that fine brinous encrustattons ot the surface ot the plague too
small to be seen by the nsked eye wore much commoner than was supposcd bung
present n 10 out ot 50 a3rtas of pursons hetween the aggs of 3 and 73 who had dicd from
vaned causes These he showed were raprdly asumilated mto che plagur by ovurgronth
of cndothebum and arganization from the surface
Fibtin unhhe the other e ot ath terosis 15 rendered difficult of mterpretation
by the transicnt nature of s spucific staming reactions  Bleeding anto 2 plaque tapidly
undergocs thrombosts and when this 15 quite fresh the threads of fibnn can be scen m
the form of a fine network entanghng red cclls and lencocytes With PTAH as staed
eachier the mtense purple reaction soon becomes blotchy (Fig #8) and later dssappears
altogether In the same way the vivid red reaction with Azan gives wav to blur but the
change occurs rather later It chus happens thae a fairhy recent larnated thrombas may
come to resermble dense collagen
The appearances Dugud desunbed m the sorta are not unusual m coronary artencs
{F1g 105) and 1t may be noted 1 pa ung that they occur i the abrence of cholesteral
deposits Such smalt fesions could by a process of repeated accrenon and orgamzation
105
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cause mtimal duckentug bue 1t 15 difficule to sec how they could give rise to the senal
plaques that constitute layering cach of which has the appearance of being formed
completec at one ume  Small fibrinous encrustations may however precipitate thrombosts
as was shown in the preceding chapter

Somenmes tin layers of fibrin are seen embedded m the plaque ava depth which makes
1t unlikely that they have been assmmlated by cndothelal overgrowth while retaiung
ther staning propertics and the absunce of a covenng elastic membrane suggests that
plasma has sceped nto the plaque from the surface A similar phenomenon oceurs m the
floor of atherosclerotic ulcers (Clark et al  1936) and the coarse mesh of paralle] collagen
fibres may Jend atsclf to such an event (Fig 100)

Fibnnous accumulations tn the decpest part of the plaque are almost certainly the sequcl
of local haemorrhage These too arc hable to show evidence of mterstitial seepage at
the margins cspecially m the presence of degenerative softentng  Hacmorrhages of this
type may track rregularly towards the lumen causing thrombosis (Fig 107)

Stnmlar oozings occur round the walls of unsupported vesscls m degencratve foa or
at the margmns of fat spaces In the same way capillary hacmorrhages 1n the vascular
granulanon tissue of an organizing thrombus may leave therr residuc of fibrin

Nowhere m this serics were the appearances suggestive of fibrnosd necrosis and 1¢ 15
my impression that the fibrin 1n the plaques 1s denived from surface encrustations secpage
of plasma or haemorrhage mto a degenerate part of the plaque
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XXiv

Degeneration m the Plaque

DeceNgRATION of the atherosclerone plague 15 2 prominent fiature of the larger lesions
and an tmporeant factor 1 thetr subsequent cvolanon  As the process mvolves mucmous
degeneration calaificanion lipd accumulation and phagocytoss these may be con-
venently bracketed togetber

MUCINOUS DEGENERATION

A gelatnous swclling of the mtma was observed by Virdhon (1856) 1o precede hipid
deposition 1 carly att lestons Irs nature 1s suggested by the fact
that 1t stamns metachromatically with several dyes The literature on the subject is reviewed
m Chapter XVII under Lacal Predisposing Factars

Streaks with 2 smalar tinctonal reaction may also appear m the larger atherosch otic
plaques accompanied by swelling of the collagen fibres to form a pale-staimmng focus
generally sttuated deeply mn the plaque at the point of its greatese thrchness ~ 1¢ where 1ts
blood supply ts hable to be poorest (Frg 108} Closer mspecuion reveals that the collagen
fibres n thus area are teased out mto fine threads separated by broader ubbons of pale-
stasning matersal granular at the margms hyaline towards the centre

The fine fibnls arc argyrophilic (Fig 109) and PAS posiave (Fig 110} These early
foct of degencration occur i parts which are acellular avascular and free ot gross bpid
they have therefore been interpreted as mucinous degeneration due to madequate nutetion
~ mucro-mfarcts in some mstances  As cach degenerate fibre 15 swollen to several umes
1ts normal thickness the bulk of the focus as a whole 1 considk rably thickened

These Jocahzed destons are frequently surrounded by a fine shell of calaum  sharply
demarcating them from the surroundmg collagen (Fig 111) The degenerate arca may
be quite stmall ot 1t may muolve the bulk of the plague sparing only 1ts surface and mar-
gms In this way a plaque may double its thickness by degeneranve swelling alone guite
apart from further deposits on the surface (Fig 112)

Calaificaion at the margms of the degenerate arca may cut sharply across the fibres at
night angles and there 1s evidence that the process of degeneranion and calrfication may
extend penodically (Fig 113)

Considerable wedges of a fibraus plague may undergo this type of degeneration without
2 consp s fatty accomp —ccctamby without the accumubition of hipid 1n
macrophages In other calctfied foer the fibllar stroceure may be replaced at the centre
by collecttons of cholesterol erystals (Fig 114) or farty matenal in the form of large
globules or wregular lakes (Fig 115) The close relatronslup berwcen these patches ot
mucmous and hptd degeneration and the calcarcous wall that surrounds them leascs hetle
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doubt that the latter 15 merely a seal round a necrotte focus similar to that of a gumma or
tuberculoma

The hquefaction of the degenerate contents may lead to the formation of large spaces
w paraffin sections walled by a thin faver of caletum outside which the collagen fibres are
abraptly meerrupted at nght angles (Fig 116) When such a focus (atheromatous abscess)
ruptures 1nto the lumen the walls of the residual cavity thus have the same sharply gouged
appearance (Fig 117)

The avascular nature of thesc foct 15 a clue to their ongm  Orgamzation of arterial
thromb 15 not accompamed by a nch blood-supply and as has been shown only the
margins and supetficial layers recetve adequate nutninon derved exther from the Jumen
or the deep plexus growing mn from the vasa vasorum By the time this vascular mgrowth
has occurred the central part of the plaque may have undergone mfarcnion and subsequunt
extension of vessels mto the degenerate area 1s more likely to be concerned with resorption
than nutnition

Thus interpretation accounts for the frequent presence of small vesscls extending from
the enlarged vasa to within a short distance of the necronc focus (Fig 118) Its presum-
ably from these that capillary extension into the degencrate zone takes phce (Fig s52) bur
by this ime the damage 15 done  How clse can one explam the presence of vessels m the
most degenerate parts of the plaques

1t has been shown how repeated small haemorrhages from these vessels may further
wncrease the bulk of the pultaceous matersal and afford a source of cholesterol Fig 119
shows extension beyond a calcareous focus to a wider zone of necrosts not walled off by
calcium and contatning numerous foam-cell macrophages and a small recent haemorrhage
at one corner of the concretion  The foam cells are i direct contact with the tterrupted
collagen-fibres a not unusual appearance in atheromatous abscesscs

CALCIFICATION
Demonstrable strata of calafication were observed m the plaques of roughly half of
the cases investigated and were sometimes a very promunent feature Though rather more
constant 1 the older age groups calaification was 1lso a very common finding 1n those
below 50 (see Table D)

Taze D
No of Lipd
Age £ No f Calaf
St et Cases Bk PE T wen of Tt
Under 5o 5 2 2.0 65 15 469
Over 7o > 13 6 483 20 606

In severe signet-ring deformuties several calafied foc1 may be superrmposed one in the
depths of each depastt (Fig 115) Eventually these may fuse nto one (Fig 1.4) It was
stated earher that deep foa of calafication appeared to cause pressure atrophy of th?
related medra but 1t 15 likely that m the first instance the pressure was duc 1o swelling, o

110
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DEGFNERATION IN THE PLAQUE

the degenerate collagen fibres (Fig 1.0) Subscquent calafication by rendering the
swelling permanent and immobile doubtless accentuates the atrophy especrally 1 severe
signet-ring deformrties

Calcrum 15 not always deposited at the periphery of an infarct m the plaque as described
above 1t may be found at the centre of a small degenerate focus or scattered widely
through the substance of a larger one n the form of small granules or around fat globules
But 1ts assocration with degencration and necrosis 15 constant

Dunng the aighteenth and mincteenth centunies caleification was regarded as the very
essence of coronary sclerosis By 1935 opmon was sufficiently revensed for a careful
observer hke Leary to wiite  from any standpornt calerfication 1s of no importance m the
actiology of the lestons and 1s only signaficant mn that a coronary vessel converted 1nto a
ngid tube 15 no longer subject to the mfluence of spasm of the media though on the
other hand 1t 15 no longer capable of dilatng (Leary 1935¢)

Patcrson (1936) did not constder calarfication a factor i mmtatng thrombosts but Horn
and Finkelstens (1940) recorded bone-formation m a plaque eroding a capillary and
causing hacmorthage From the present study 1t 1s safe to say that a calofied plague s
much less prone to hacmorrhage thrombosis or rupture than a plaque winch has under-
gone fatty softening

Thus calefication may mvolve the surface of a plaque without necessanily causmg
thromboss (Fig 1.1) Incidentally this shows that nutnition from the lumen 15 not
mvanably mamtamed to a depth of 035 mm  as Gerringer (1951) suggests Calesfied
plaques may lte immediately below a thrombus or organized deposie (Fig 1-2) but unless
the two arc co-cxtenstve there 15 no reason to postulate a causal connection

In short caleification does not appear to be an essential or even an important feature m
the progress of the atherosclerotic leston  Calatfied plaques are satd to contam less chole-
sterol than the normal muma (Efirsel and W anhouse 1943) but so far no one has demon
strated that calewm acenally protects the intima from lipid degeneration Hurnson (1933)
showed that expenimental atherosclerosis does not occur over calaified patches in the midia
but the latter lesions were more like those of Monckeberg s sclcrosts than human athero-
sclerosts

In the present series the only complications that mught be considered attributable to
calerfication apart from medial atrophy were occasional narrow clefts at the margin of
an affected focus At first these were deemed artefacts duc to cutting across a calearvous
artery with a heavy kmfe prior to processing and indeed this may account for some of
them but 1n others the clefts were assoctated wath Jocal vital reacnons and alternative
cxplanations must be sought These reactions include haemorrhage (Fig 1.3} fibem or
albummous flud between the calarfied focus and the rest of the plaque and cven endo-

thelial or giant cells limng the cleft
In themsclves these 1solated phenomena may be unimportant bue they do suggest that
a calarfied shiver 1s liable to partral dislocation from the more phable fibrous ussuc of the
plaque and that this may on occasion give nise to mtimal hacmorrhage and s sequelae
A simular observation was made by English and Wills (1943)  There are two ways in
] 13
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which such distocation might occur by spasmodic conteaction of the meda or by
retractton of the surrounding fibrous tissue

The sccond 1s morc Iikely T have postulated a degenerative focus m which the collagen
fibres first swell and then become surrounded by a shell of calqum  This would prevent
the affected wedge from contracting evcnly wath the rest of the plaque In time the plaque
comes to grc the impresston of bemng tightly contracted round a disproportionately Jarge
calefied block sometimes to the extent of compressing the media or distorting the vessel s
outhne (Fig r24)

LIPID DEGENERATION

Liptd deposits 1 the plaque are a hughly charactenisne feature of the disease mdeed
according to most authostties they constitnte the essential leston of atheroseleross The
lipsd may be () sntraccllular m the form of macrophages with a foamy cvioplsm  (b)
exeracellulac m the form of rounded globules or crystalline deposits

The foam cells ace almost certamly macrophages brought m from the margms of the
plaque by small blood vessels Even in small atherosclerotic plaques a collection of
Iymphocytcs at esther margm 15 a famuhar feature and m the presence of abundant hpid
larger mononuclear forms are observed (Fig 125) These cells are no longer believed o
be mflammatory i ongin as was suggested by Boyd (1928) and their function 1s regarded
cven by adherents of the cholesterol-imbibition theory as phagocytic

4mt chkon (1933 p 288) 11 3 study of expenimental atherosclerosts was able to observe

all sransstsonal forms betw cen the small lymphocyte and monocy tic cells on the one hand

and the large hiptd cells on the other so that development of the Iipid cells from the free
mononuclear cells probably derived from the blood would seem to be the most plausible
hypothesis of their ongin

() DEEP LIPID ACCUMULATION
The route by which the macrophages are comveyed to a deeply sitvated focus of de-
generanon where the ipid 15 separated from the Tumen by a thick layer of densc and
avasculas collagen (Pig 120) scems fairly clear It 1s quore unbikely that the macrophages
could penetrate the plaque from the lumen and one must conclude that they are carned
to the degencrate zone by the mgrowmg caplanics In such a case the accumulanon of
cells 15 not the primary leston as 15 widely mamtatned but a secondary phagocyuc pheno-
menon  The acellular nature of the carly degeneranve foa (Fig 111) supposts thus view
The source of the biptd has always been a major problem  Accordmg to Duguid (1946)
1t 15 the product of faity degencration sn @ chrombus and on this hy pothests 1t would be
consistent with what has already been described to regard it as a late stage in the degenera-
tion of an organtzed clot  The samc author belteves that fatty change can occur m fibun
thromb: but he grves no grounds for this behef Winternitz et al (1937) by myccting the
mtcmal vasculature of aortic plaques and clearing by the Spalicholz techmgue were able
to demonstrate vessels all round the softencd foct and concluded that capillary hacmor-
thage was the source of the ipid  The following extract from their paper 15 E‘(phﬂ; p
There appears to be 2 gradual accumulation at the sie of the haemorshage of fatty
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DEGENERATION IN THE PLAQUE

matenal which 15 stamable with Sudan 1T and which frequently contans the so-called

cholesterm clefts  giving the appearance of the classical atheroma It 15 reasonable to
suppose theeefore that this fatty materal 1s derved from and eventually rephices the
blood of the onigmal haemorrhage 2 process analagous to the apparent changes observed
i hacmorrhages i thryoud adenomas and 1 casemous haemangsomas - Such a conclusion
15 borne out by the fact tepeatedly confirmed that a typical vellow atheromatous plaque
may on carefif exarmuation by the methods outlined above show at is penphery »
nerworh of caplanes contanng red blaod cells and anastomosmg outside the zons ot
fat and necrosis with obviowsly well-del d and well-4 blood-channel

This argument docs not tahe mto account the fact that focal necrosts occurs wn the first
place m parts of the plaque that arc avaseular and free of recogmizable hpid  Once these
areas become vasculanized however foam cells appear and thereafier the hyvpothes 1s
vahd Indeed before reading the above passage I had concluded that capillary haemor-
rhages mto a necrotic focus repeated over a long period consuitute at least one source of
chalesterol and set i monon the vicous cycle that lumatehy results i an atheromtous
abscuss The oxtra~celluter liprd accumulations at the centre are of course o more than
the debris of broken~-down foan cells

There 15 however another source of cholesterol It has not been proved thar collagen
or fibun are subject 1o hpid degeneration but 1t 15 certam that as 3 mural thrombus
retracts a vanable number of red cells are trapped i the fibnmous neework and squeezed
between tts lanunae and must ultmatehy m broken-down form consnrute an element
1 the deposit capable of providing a soutce of cholesterol (Fig 1.7)

In testing this dea frozen sections of 2 lammated thrombus m an artenoscleronc
ancurysm were staned by Sudan I and examimned under polaroid screens I Dugud s
theory 15 correct 1 ¢ that the hpid 15 duc to fatty degeneranon i a thrombus something
of the same sort should occur m the semlly deposited thrombt 1 an aneurysmal sac

Big 1.8 shows seattered throughout the granular haennc debns munute droplets of
extracclutar fat sumbar m appearance to the subendothehal fat dust of carly athero-
sclerasts also clusters of lazger granules apparently garnered by macrophages Both are
ssotropic Deeper down where the pertphery of the thrombus has undergone some degree
of organzatton 15 2 broad hprd lager mostly extraccllalar and parely ansotrope. Leadmg
from thss nto the fibrous wall of the sac are penvascalar chains of foam cells swollen with
amsotrope lipid 10 1ts greatest concenseanon (Figs 1.9 130)

The wfirence s that a thrombus sndergoes fatty degeneranion ssotropse glabules betng
taken up by anv macrophages surviving within the clot or capable of entenng v In the
oldest part the bynd 15 atsotroprc. exther as a result of chemcal synthess or accumulation
of the mote msoluble components over a long persod  In shore st 15 clear that mamy of
the featurcs of hpsd accumulation i atheroselerosss are also present m degencrate arrernal
thrombs

Now the rdatton of cholesterol to atherosclerosss has been energencally diband
parncularly {as was shown m Part 1) in conncetion wath farty strealung expeninxntal
atherosclerosts and recent wozk on serum hpids Without projudice to the biochenest
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THE PATHOGENESIS OF CORONARY OCCLUSION

findings the hustopathologist may note that (1) Cholesterol 15 present i et ery antmal cell
15 very stable and 1s relatively msoluble (Schonhcumer 193 1) It 1s certamly present m red
blood cells (2) Cholesteatomata surrounded by altered blood pigment are not unusual
sequelae of haemorrhage smto a nodular goitre (Figs 131 132) They have also been
observed to follow traumatic hacmorrhage m bone (Fig 133) (3) Cholesterol like cal~
cum tends to accumulate m necrotic matenal e g caseous tubercles (Calduell 1910)
and their cholesterol content may be mcreased by feeding cholesterol to tuberculons
ammals (Jaflc and Lesnson 1925) a fact that may help to explain the excess in the plaques
of diabetics and other hypercholesterolaemic subjcets

It 15 thus possible to account for the presence of cholesterol 1n an atheromatous abscess
without necessarily nvoking a disorder of lipid metabohsm  Le ary (1938) objected that
normal blood contains less than 1 per cent of total fats whercas most of the fat 1n atnero-
sclerosts 1s cholesterol but ths 1 nores the cumulative effect of recurrent small haemor~
thages over a Jong period and the resistance of cholesterol to absorption

Moreover as Duff (1935) pomted out no one has postulated a disorder of calcium
metabolism to explam calcification 1 atherosclerosis

(b) SUPERFICIAL LIPID ACCUMULATION

Less easily explaned however are the broad layers of foam cells observed on the
surface of an atheroscleronc plaque 1mmediately below the inng endothelrum (Fig 134)
Admuttedly such appearances were observed m a few cases only and a study of sernal
sections s encrally revealed that these layers were only an outcrop from a morc deeply
placed atheromatous tocus communicating with the surface of the plague along an oblique
cleft a phenomenon related to disscetion which 15 discussed at the end of this chapter

This 15 not always so however and 1t must be conceded that superficial foam cell
accumulition independent of deep d softening 15 a pt n not rcadily ex-
plamed by the thrombogeme hypothesis of atherosclerosis  Duguid {1948) 15 prepared to
admt that superficial Iipid may be due to disordered metabolism and therefore of 2
different nature from the deeper deposts and by feedmg rabbits with cholesterol he has
satisfied hunself that experinental lesions are produced by repeated endothelial ovcrgrowth
of foam cells which have migrated from the arculating blood to the lining of the vessel
(Dugwid 1954) He has thercfore postulated a dual pathology 1n athcrogenesis but this
work requires fuller confirmation

Ths 15 an opportune moment to mtroduce verv buefly the theones of Leary (1934
19353 19362 1941) Basing his views on expenmental atherosclerosis induced n rabbits
by feeding cholesterol he concludes that the capacity of humans to metabolize cholesterol
dummshes with age  The excess ipid 15 conveyed from the blood-stream to the mumt by
globulas lipophages and 15 later taken up by phagocstic cells with the propertes of fibro-
blasts In younger subjects the cholesterol acts as an 1rmtant and provohes a fibrous
response and as therr ability to metabohze cholcsterof 15 greater a fibrous plaque results
1n old age the fibrous response 15 Luss and the hipid tends to accumulate hence the frequency

of atheromatous abscesses 1n the aged
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DEGENERATION IN THE PLAQUE

Howevr Hom and Finkelston (1940) ma study of 100 fatal cases of coronary discase
were anable to corrclate old age with atheromatous abscwes and the present study
suppotts therr views (see Table D) It may therefore be scen that Leary s theorses readily
explan the superficial hpid but not the decper foo He also made much of cholesterol-
laden cells which he observed half way through the hning endothelim and which he
regarded as lipophages passing through the plaque from the blood-stream  He does not
appear to have considered the possibility that these might ssmply be macrophages which
had denived their cholesterol content from the red cell residuc m the plague and which
had been observed i the act of passing back mto the lamcn i the course ot phagocy tosss

PHAGOCYTOSIS

Thus has already been dealt with 1 relation to liptd but 1t 15 also concerned m the
removal of altered blood-pigments  Now some have objected that 1f cholesterol 1s derved
from broken-down red cells there should be more evidence of haemosidenn n athero-
sclerotic plaques But 1 fact Prussian Blue preparations reveal a good deal more haemo-
siderin than superficial exammunation of haematoxyln eosmn sections leads one to suspect
much of it dispersed 1n fine extra-cellular particles Indeed 1t 15 only when haemosidern
15 concentrated withm macrophages that 1t becomes conspicuons — ¢ g Fig 135 where
siderophages may be traced from a haemorrhagic focus n the plaque to the adventitial
lymphatics

In amy case 1f the earlier observations on artenial thrombs arc correct one would not
expect to find the same concentration of haemosiderin as 1n a venous thrombus  Furstly
an arteral thrombus 1s mainly fibanous next the red cells trapped wathm 1t may have
their haemoglobin washed out of themt within a few days lastly the scantv vascular
supply 1mposes a restriction on the number of availble phagocytes and such blood-
pigment as may be left i the plaque must reman unconcentrated and dispersed

Incidentally ~ Pater on (1954) has employed the Prussian Blue techmique on gross
specimens and detected large of pected h derin 1n human aortas
which had not shown any macroscopic cvidence of hacmorrhage

RELATION OF AGE TO DEGENERATIVE CHANGES

In this sertes the varous types of degencranion did not appear to be closely related to
the subject s age To test this the vessels of the § cases under 50 were compared with
the 7 over 70 mvolsing the cxamumnation of 65 blocks of the mamn dwisions of the
coronary arteries {sce Table D) No conclusion can be drawn from this small series but
1t can at least be stated that 1t does not support the 1dea that ipid degeneration 1s signifi-
cantly commoner 1 the older age groups Calafication while morc frequent in the over-
70 group 15 also present m nearly half the under-50 group

RUP1URE AND DISSECTION OF THE PLAQUE
Rupture of an atherosclerotc plaque 15 a fairly common finding The predisposing
1.1



THE PATHOGENESIS OF CORONARY OCCLUSION

causc of course 15 degenerative softemng 1n the depths of the plaque with gradual eten-
sion towards the surface When the roof of an athcromatous abscess gives way (Fig 104)
the contents are discharged 1nto the lumen leaving a cavity with sharply gonged walls
(Fig 117)

Rupture mav be precipitated by hacmorrhage mto the abscess and comphcated fucther
by sccondary thrombosis (Fig 68) Leary (1934) regarded tlus as the usual mode of death
m older age groups He beheved that the blood from the lumen might also rupture mee
the abscess and so imitiate thrombosts It 15 very probable that the force of the artersal
blood 15 capable of disrupttng the plaque sull further and Fig 68 shows 3 tear extending
nght down to the media causing greae defornuty of the lumen  Ths 1s further empha-
stzed n Fig 136 where multple foct of softenmg have resulted 11 a lumen with a bizarre
outhne and irregular healing has formed ndges and clefts on its muny, - Should thromboss
follow the resultant granulation tissue may fail to obscure completely the lineaments of
the ongmal rupture (Fig 137)

There 15 another very distinctive type of acardent which I have termed dissection
which the line of cleavage 15 along the former junctson of two overlapping deposits There
15 a natural plane of fisston at this level the seral depostts being separated by an elastic
membtane (Fig 138) and not firmly kmt together by a process of vascular orgamzation
1s was stated n the section entitled Layenng in Chapter XX This weakness 15 exag-
serated by the tendency to degenerative softeung m the deeper part of the superficial
depostt which 1s furthest removed from the maw bloodstream and incapable of denving
adequate nuntion from the deeper layer (Fig 139}

This 15 accentuated as mn the deeper abscesses by mucrohaemorrhages from the vesscls
growing mn from the margims and the softening tends to cxtend along an oblique plane
from the depths of the plaque towards the surface It has alrcady been shown that super-
fictal hpsd accumulattons are genetally no more than an outcrop from one of these strata
In the same way larger haemorrhages are hiable to cause rupture into the lumen rasing
the margin of the overlymg deposit m a very charactenstic manner {Fig 140)  As with
the more conventional atheromatous abscess such an acaident may lead to thrombosis

What happens to the paruiculate debris discharged mto the lumen followmg rupture of
an atheromatous abscess 15 a matter of speculation but 1t 15 reasonable to suppose that
some of 1t may causc at least a tenyporary occlusion of the finer twigs m the distal reaches
of the vessel Cholestero) embolism 1s not nnknown (Flory 1945 Meyer 1937) and Zsh
and Ehas (1049) have shown that 1t can result from coronary atherosclerosis producing
small foer of necrosts or fibrosis m the related myocardiam
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The Reltion of Coronary Oceluston to Myocardial
Infarction

In a rough attempt to gauge the total degree of coronary msufficicncy and the relanve
frequency of the lesions i the mai branches the following grades of obstruction werc
recogmized (1) Total occluston  (2) Subtotal occlusion  (3) Severe narrowing

Total occhision was due to (a) Thrombosis recent (Fig 94) organtzing {Fig 70} or fibrous
(Fig 141) The last-mentioned although rejarded by Koch and Kong (193.-33) as 2
scparate entity s treated here as the end-stage of orgamzed thrombosis  (b) Hacmorrhage
mnto the plaque cither ratsing the intimal limng and compressing the lumen or damagig
1t and mitatng thromboss Examples of how this occurs are given m Figs 66 and 67

Subtotal occlusion 15 a term reserved for those mnstances where a minute vascular channel
qurte inadequate as a functionmg conduit was preserved i any of the following Extreme
signet-ning deformuty (Fig 142) extreme concentric marrowmg (Fig  74) cxcess
atheromatous softenmg with or without hacmorrhage (Fig 143) margmal retraction
of a thrombus (Figs 45 144) recanalization of a thrombus (Fig 41)

Seterc narrou g 1s a somewhat arbitrary term applied when the [umen was reduced to
acircle 2 mm m diameter or a shit not more than 1 mm 1n 1cs shorter diamcter

The degree of narrowing at some point 1 each of the mam branches was then related
ta the presence of an infarct and the mode of death The analysis 1 set out 1 full m Table
F but the relative frequency of discase of the three branches 1s summarized i Table E

T 15 E
Dege of
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Total o 7 o 4 oM 6\ 4
Ocluson Rt s} B oReetrf 3 Recccz
Sbeel od 4 Oid 1\, OW 6}
Oc on Rcc”}l R vr Recent o
se 35 10
Narr w @
NoSgntes t 13 14
N o &

It wall be scen that out of a total of 30 cases 33 had severe to complete occluston of
the left anterror descending branch _s of the night coronaty and 17 of the lefe circumfles
branch Froma I stand blochage was complete in the left antenior descend-
g branch in 18 1n the nght coronary 1 14 and m the kft carcumflex branch n 7

These figures support those observers who have found the Iuft coronary artery and 1ts

branches more frequently mvolved than the nght (Hemn 10.3 Faullner et ol 19.4
Wolff and W hite 19.6 Humman 19.6 Pirkinson and Budford 19.8 Levme and Broun
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1929 Wollef} 1929 D: Conrsey 1934 Saplur et al 1935) They disagree with those who
find the night coronary attery as frequently or more frequently affected (Barnes and Ball
1932 Master et al 193723 Horn and Finlclsten 1940)
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All three mam vessels were severely discased 1n 11 cases two vesscls in 14 and only one
m the remammg 14 Of the 2.. cases exhibiting signs of old or recent mfarction two or
even all three vesscls were seriously diseased n 17 (Figs 145-8) Thus gives some support
to the view of Saphir ¢t al (1935) that occlusion of more than onc branch 1s requrred to
produce mfarction This s only approxamately true however since in 5 cases of infarction
only one vesscl was seniously narrowed whereas 3 other cascs (Nos z 1o and 34} had
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THE RELATION OF CORONARY OCCLUSION TO MYOCARDIAL INFARCTION

severe to total occlusion of afl 3 major branches without visible infazction This cleasls
Musteates the varabrhity m the collateral circulation of different hearts 2 subject more
fully discussed m Chapter VI As was to be anuapated all the cases of yradual
death showed myocardul infarcts excepting those who dicd of unrelated causes On
the other hand 14 of the g cascs of sudden death showed no viable infarce This 1s 1
accordance with the view that many cases of sudden death ate due to acute mvocardial
1schaemua betore mtarction has had tume to cause viaible fesions while those who surave
the acute attack and die davs or weeks later extubit the fambiar featurcs of a cardiac intarce
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The Coronary Arterics
and the Rest of the Cardiovascular System

ReprescnaTIVE samples of visceral and skeletal arteries were removed at cach autopsy
for companson with the coronary lestons  These included cross—sectrons of the thoracic
and abdomtmal aorta the renal artery ¢he brachal artery at the level of the clbow-jomt
and the pophitcal artery at the level of the knee-jont

Broadly speaking 1t can be said that intimal lesions comparable to those m the coronary
arteries were present 1n the aorta and popliteal arreries but that m the brachial and renal
arteres the nttmal lesions were nconspicuous and medial degencration predonunarcd
The microscopic lestons are described first the correlations are treated later

THE AORTA
Every case investigated showed athcroma  always more severe i the abdomynal
portion espectally in the 2-3 mnches beeween the ongmn o the renal areertes and the bafur-
cation In a rough attempt to gauge the seventy three grades were recogmized based on
the cxtent of surface mvolvement degree of ulceraon and the microscopic characters
(thickness of plagues degree of degencration thuming of the media destruction of clasuc

and so on)
+ wdicates anything from fatty streaking to a few wrdely separated plaques with an

mtact surfice

+ -+ mdicates numerous plaques some with ulceration

+++ 1ndicates large confluent areas of ulceration

Microscopically the featurcs of coronary atherosclerosts are generally reproduced mods-
fied of coursc by the width of the aortic lumen and the absence of occlusion or 1ts comphi-
cations As with the coronary vessels the appeatances indicate that advanced lesions owe
morc to thrombosis than to ipd infiltration or mumal fibrosis

Thus Jayerng 15 a regular feature wath the depostes erther uniformly superimposcd
(Fig 149) or overlipping (Fig 150) although n nesther casc 15 the width of the Jumen
significantly reduced  The button-like thickenings round the mouths of branch vesscls
so charactenstic of aortic atherosclerosts show the same type of layering as their coronary
counterparts (Fig 151)

Newly formed cJastic tissue erther as a fincly fibnllar tangle at the base of the plague
or 1 the form of seral marginal membrancs (Fig 152) 15 agam common as1s the extun-

sion of emooth muscle from the vessel wall (Fig 153) '
Tntnal 1 ascularzation follows the broad patterns outlmed i coronary plagues 1¢ with

superficial and decp plexuses and hypertrophied vasa vasorum passing transmedually to
-8
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THE CORONARY ARTERIES AND THE REST OF THE CARDIOVASCULAR SYSTEM

Ik up with the deep ploxus  But the vasculanity 15 directed to the requirements of the
plague and not at all to the tormation of a collateral circulation as m the case of severe
coronary narrowing This may account for the impression gamed (from an admieredly
madequate survey of aortic plaques) that superficial plexuses arc more promment in the
20rea and transmedtal mgrowths of vasa less than m their coronary equivalents The deep
plexus agam appears to follow margimal retraction but mn this case there 15 httle necd for
collateral channels

Haemorrhages mto degenerative plaques augment the athcromatous lestons as i the
coronary vessels thrombosis 15 of the mural type with the same high proportion of fibrin
(Fig 154) and the same tendency to be compressed mto laminae paralle]l wath the vessel
wall and wisps of fibrin as shown by Duguid (1948) are found adhering to the surface
(Fig 155} or undergong asstmilation nto the body of the plaque

Degenerativc changes follow the familiar pattern  The collagen fibres undergo a fincly
granular swelling (Fig 156) or dismtegrate to form a my<omatous matrix contamning
spider-shaped nucler (Fig 157) The abundance of PAS-positive matertal mdicates a
mucimous change (Fig 158) Lipid accumulates 1n the depths of the plaque mto which
mucrohaemorrhages occur  Larger haemorrhages may be followed by rupture of the
plaque and secondary thrombosis  Oblique degencrative fissures 1 the plaque may lead
to dissection or cause lipid outcrops to appear below the surface (Fig 159) Calerfication
of course 15 all too common and even foct of ossificatzon  Focal atrophy of the media 15
partcularly common below large plaques and the degree and extent of musculo-clastic
destruction are sufficient to account for the so-called arteriosclerotic aneurysms (Fig 160)

Superficial foam-cell accumulations agam raise the question of the dual nature of
atherogenicsis Figs 161 and 16. show neighbourmg and purely superficial excrescences
on the intima of the same aorta the one largely fibrmous the other almost wholly fatty
In an unsuccessful attempt to answer this problem frozen secttons of superficial aortic
Iesions were examined

In the mamn the morphological observanions of others on farry mfiltranon were con
firmed Below the endothchum at the margins of a fatty streak and therefore presumably
representing the cathest form of the accumulation a fine 1sotropic fat dust can be seen
(Fig 163) Below this and lymg between the clastic laminac are macrophages contaming
ssotropic ipid droplets (Fig 164) These appear to be spindle-shaped but sections parallel
to the surface show they are discoid the shape possibly bemne, determined by mtra-artersal
pressure I alder plagues the hpid becomes anusotropic and conncenive tissuc 15 formed
as 15 shown by paraffin and frozen sections of the same lesion using polarord screens (Frgs
165-7)

Leary s theortes of atherogenests have been referred to under Superficial Lipid Accumu-
lation  (Chapter XXIV) and were claborated m Part T undir Experumental Athero-
sclerosts {Chapter IV) He behieves that the cholesterol 1s taken up by fibrolipophages
— cells which have both phagocytic and fibroblastic propertics - and that these lay down
the fibrous tissue m the plique  Fig 168 shows a cell i an zottic plaque which answers
his deseription of a fibrohpophage  He has however no very sansfactory explanation

133



THE PATHOGENESIS OF CORONARY OCCLUSION
for the manner in which the cholesterol reaches the decper parts of the plaque where 1t
appeats 1o evohe a similar reticulin response (Fig 160)

THE POPLITEAL ARTERIES

Popliteal atherosclerosts 15 common affecting 25 of the 27 artertes examined {see Table
G} A sigmficant narrowing ot the lumen may occur and this may be extreme (Fig 170)
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rosw + + B
2 s + 3
3 67 + > MF Nornnl
4+ 66 + N
s s 4+ 5 2 20ft50
6 58 ++ B 3
7 u +
LI 7 B + +4+ MF I _tol10
)48 4 + + + 3 200/100
10 68 ++ » 3
n 68 ++ 2 160/80
77s + MF » o 2
3O 4+ Q ’ 3 1601130
“ss + MF 7 145080
1578 +++ + 3
6 61+ + MF 3 zroftes
17 54 + MEF ++ i
8 0 4+ [+] + O 2 145/70
v o + ME ++ MF 3
o 37 + MF o + Nos 1
a6y + o ++ ME 2
22 58 + O o] o] T
3w+t MF ++ o 1 17070
475 + MF + + 1
s syttt A +++ : 3 210110
¥ 67 +++ MF + + z
7 5 ++ O + MF T
;8 66 ++ MF + 2 240/140
29 6 +++ o + MF 1
30 7 ++ + + + 1 Nor; 1
3T st bt [+] + +
3247 + + ++ o 2
359 ++ ? + Q 1 125{28
L. ++ o + ME 3 No mal
35 8% i + + MF 1 100/40
36 48 4+ ++ + 6of150
zow r 8 1 ¥ o3
3 6
H 7 b ++ + 1

67 _+++ &
40 MATERIAL INCOMPLETF

% = N> of Corory bran h s occlud d by atheroscleros s (see Table Ey
Medual fbro 55 no atheroma

o atheron ot med 1Fbross

= Unknown

In general 1t can be sard that the Jestons correspond more closcly to coronary athero-
sclerosts than 1n any of the other artertes 1n this scries
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THE CORONARY ARTERIES AND THE REST OF THE CARDIOVASCULAR SYSTEM

Extreme natrowing of the lumen of the degree shown Fig 170 15 unwsual bue this
15 to be mterpreted in the light of the random selection of the specimens in cases that
owed their presence 1n hospital not to penpheral gangrene but coronary occlusion  The
case 1n question was a severe drabetic and 1t 15 noteworthy that while the amount of lipid
excceds that of any other case the senal deposits show that they have been fibrous before
undergomng lipid degeneration in the deepest layers 1n that part of the plaque furthest from
the blood stream

Ulceration of the plaques 15 not a promument feature n poplireal arteries but other
features observed are degeneration leading to mural thrombosss dissection of the plaquc
(Fig 171) and the superficial deposttion of fibrn {Fig 172) The last figure also shows an
acellular lamunated depostt part of which takes the stamn for fibon with PTAH which I
have suggested elsewhere 15 an indication that the unstamed lammae are not truc collagen
but are composed of compressed and agemg fibrm

Comparable changes were observed in the occastonal samples of the other arge branches
of the aorta  Fig 173 shows medial atrophy unmustakably related to a deep focus of
degeneration 1n a carotd artery and Fig 174 shows atherosclerosss of the external 1hac
artery 1 which layering deep degeneration angular hacmorrhage and calafication are
all present  The more supcrficial of the angular vessels were denrved m this mstance from
the lumen

THE BRACHIAL ARTERIES

Significant degrees of mtimal thickening were rarely observed hpid degeneration
these even more rarely and gross atheromatous softening never (sce Table G} m marked
contrast to the pophteal artery On the other hand replacement fibrosts of the medual
muscle fibres was a promunent feature 1n over half of the remainder (Fig 175) Its relation
to atherosclerosss 1s discussed later

"The mmor degrees of mtimal sclerosis consist of an increase n connective tissue and
reduplication of the mternal elastic lamina  These are the cnterta of arteriosclerosss as
defined by Jorcs (1903) as distinct from atheroma  Nodular ealafication of the mternal
elastic lamma was observed only once and gross medsal calarfication of the Monckeberg
type not at all which supports the view that the latter 1s a phenomenon unrelated to
atherosclerosis

THE RENAL ARTERIES

The changes approxtmated farly closely to those in the brachral artertes namely shight
ntimal thckening of the fibro-elastic type unaccompanied by degenerative changes m
40 per cent of those exammned and medual fibrosts m 60 per cent of the remamnder {sce
Table G)

Shendan staning of these mumal thickenngs reveals a fine network of dastic on the
ntimal side of the mternal lamina which may be fragmented or reduplicated (Fig 176)
PTAH prepatations revcal staming anomalies m the mternal clasuc lamma suggesting
degeneration (Fig 177) Other features arc shght lymphocy e infiltration and prokifera-
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uon of connectve tissuc - There are no foam cells but frozen sections reveal the presence
of a small amount of 1sotropic fat - Older lesions show clastosts and 1t 15 notew orthy thar
the bulk of what looks with other stams like fibrous thickenmng 15 1n fact elastic (Figs
178 179)

Dilatation of the lumen 1s known to be a feature of arterioscleross  erther related to
mcreased tenston 1n the vessel or degenerative changes m 1ts wall The function of the
mtemnal clastic lamina accordmng to Thaycr and Fabyan (1907) 15 the prevention of over-
stretching rather than the promotion of contraction  Breaks m the elastic must therefore
mdicate that the it of extensibility has been passed

It may occaston surprisc that the renal arteries failed to show gross intimal thickening
m this series stnce atherosclerotic stenosis of the mouth of these vesscls 1s well known
Probably the reason 1s that the samples were taken from the middle third of the artery
whereas atherosclerosis and mural thrombosis arc usually confined to 1ts proximal centi-
metre (Heard 1949)

The frontspiece shows the margin of an atherosclerotic plaque 1 o basilar artery  This
also shows rupture of the mternal elastic lamma and the extensive lipid mfiltration of the
media may be due to this affording another nstance of the protective nature of the elastic
barrier
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Correlations

On the basts of the findings in the previous sections an attempt was made to correlate the
degree of sevenity of atherosclerosis in the various artertes with the patients age and blood-
pressurc The results are presented wath some reserve in view of the arbitrary selection ot

the matenal and the small range of cases

RELATION OF ATHEROSCLEROSIS TO AGE*

(a) AoRTA
All 39 cases exarmned showed some degree of atherosclerosis with the following

distribution

Taste H
s”f”y/ Noof Css Ae gedge
e+t P 652408
++ 18 6294231
+ 15 597+ 82

* fTH G

$Olyon ofth vy v e s (No i)
d betc aged 5o Twootherd b
™o d73) gd6g nd7y w
1 ted 4 4+l petvly

(b) popLITEAL
25 out of -7 cases examuned showed mild to severe atherosclerosis

Ts sl

B ‘,'y” N fC A g Ag
+++ ' 59

++ 8 512395

+ 1 6312255
N1 z 475

(c) BRACHIAL
8 out of .7 cases exanuned showed atherosclerosts 1sanably shighe

* Average age of wh le senic =61 6160
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Tabte §
ree
Bt NoofCoes A erge dge
+ 3 6024 6
Nil 19 6234 21

(d) rENAL
10 out of 26 cases examuned showed atherosclerosis nvariably slight

TaBLE k.

D
S‘{,’(’,‘,y/ Noof C s A gedge

+ 10 593%308
N1 16 637230

RELATION OF ATHEROSCLEROSIS TO HYPERTENSION

Taste L

~ ,y’czm Deg et of BLOOD PRESSURE

ted Sto -
aer 1 Adeost TR el Ner ol Usk n
Aorta 39 +++(6) T © s
+4(x8) n 3 4
+(t5) x 2 1
Popliteal 25 +4++(1) 1 o ©
++(@) 3 ° 5
+(16) 4 3 9
B chil 8 +(8) 4 2
R nal 10 +{10) 3 2 5

RELATION OF MEDIAL FIBROSIS TO AGE AND BLOOD-PRESSURE

Taste M
Ne fC s BLOOD-PRESSURE
Shur Aca Agg ————————————
besel i UF s “ TRl Nowd Lika
Bra bl 2 6542431 3 T 5
R:\ 1 10 636£286 2 3 s



CORRELATIONS

RELATION OF VESSELS SHOWING NEITHER INTIMAL
THICKENING NOR MEDIAL FIBROSIS TO AGE AND BLOOD-PRESSURE

Taete N
PLOC D-PRESSLRE
v RS e — T
Red Nt ! Uk »
Aorta I3
Pophteal 2 475 o 1 1
Brach: 1 10 Srx6 4 2z 1 7
Rnat 6 638+400 3 ° 3

Commnts

(1) The order of severity of atherosclerotic 1nvolvement in thus sertes 1s firstly the aorea
then the poplteal artenes and a long way after these the renal and brachial arternes
(2) In fatal cases of coronary occlusion atherosclerosts 15 very constant mn the aorta and
popliteal arteres espectally 1n the older age groups  (3) There 15 some suggestion of a
correlanion berween the severits of aortic atherosclerosis and the patients age and
between pophiteal atherosclerosts as a whole and age although the figures are not stans-
weally significant This docs not hold for the brachial and renal artenies  (4) Athero-
sclerosis 1s shght or absent m the brachil and renal artencs but medial fibrosis 1
common (s} Medal fibrosis cannot be spectfically related to age m this group
(6) The data on hy pertension are nsufficient to relate 1t to erther atherosclerosis or
medial fibrosts

RELATION OF SEVERITY OF CORONARY OCCLUSION TO AGE
Tamz O

N OfB b N f Aerge

wldd Cas Ay
3 1 608265
2 4 609%3 06
) 4 63%269
Y THeG

RELATION OF SEVERITY OF CORONARY OCCLUSION TO
BLOOD-PRESSURE

Tasie P
N stovo-raes CRE
Olded  Cae "RTg Normal L X
3 n 5 1 5
H wooos 2 7
f uoo H H
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Conunent

In fatal cases of coronary discasc although many cases are hypertensty e and show renal
arteriolosclerosts hypertensive granular contraction (nephrosclerosis) 1s an mfrequent
accompanunent

Taste R

Degree of
VWiof Grossdpper e Artenols Neptro ather ma bt of Caduc
i e)

Qase 4 BP
Noo A8 Rdeys of Kd eys sclerosts  sclevosts  itothe  Heart 1 farct
tesels
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9 70 1o}oz  Contracted ° ° 3 18 0z OM
o 37 Norma oo Infarcts ° 16 0z Old
2t gy 140 Normal 3 20 0z OW
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AXIX
CARDIAC WEIGHT IN CORONARY SCLEROSIS

THE weight of 39 hearts 15 recorded m Table R The average waght was 17207 Tie
blood-pressure was recorded 1n 18 cases only

RELATION OF CARDIAC WEIGHT TO BLOOD-PRESSURE

Tame §

Dgree f N of Acageh ght
Hypert 501 cass ofHat
S erc 8 2221110z
Shight s 13oskrigo
BPF Noml 5 134%11202

RELATION OF CARDIAC WIIGHT TO RENAL ARTERIOLOSCLEROSIS

Tamze T

Renldter o N of Avrage It gt
e s ‘e of He t

+ 1 1924 7502
—_ 16 17+£023 0z

Conument

Essential hypertension as mamfested by raised blood-pressure and/or renal arteniolo-
sclerosts 15 the cause of the severest degrees of cardiac hypertrophy but 15 not the only
cause since 16 of the total series (40 per cent) showed no chmcal or pathological evidence
of hypertension yet the average cardiac weight was 17 oz

The carduac weight of this group of 16 non-hypertensive subjects was then related to
the presence of mfarcts and to the extent of coronary wsufficiency as measured by the
number of branches severely occluded

RELATION OF INFARCTION TO CARDIAC WEIGHT IN NON-
HYPERTENSIVE SUBJECTS

Tasts U
Card ac NS Aergelt ght
Ifa ¢ e f Heart
oud s 19skr28oz
Recent 3 1752275 0%
Nonf c 8 16420250

147



THE PATHOGENESIS OF CORONARY OCCLUSION

Comment

There 1s no reason why a very recent mfarct should affect the weight of the heart
although 1t may imtiate cardiac fuilure and by the ttme the infarct 15 orgamized there may
be a compensatory myocardtal hypertrophy There remams however a substantial group
with no clmical or pathologcal evidence of hy pertension and no sign of organtzed cardiac
infarct and m this group the cardiac werght 1s still 50 per cent above the average

RELATION OF CORONARY INSUFFICIENCY TO CARDIAC WEIGHT
IN NON-HYPERTENSIVE SUBJECTS

Coronary msufficiency was based on the number of branches occluded (sec Table G)

Taste V

No of Coronary  No of Average e ght
Branches Ocel ded co es fHe t

1 7  162xi100z
2 7 1713202
3 2 19soz

Despite the small seres the figures are ar least companble with the suggestion that
coronary msufficiency 1s a cause of cardiac hypertrophy apart from hypertension mfarc-
tion or myocardial falure  Datts and Blumgart (1937) have suggested that cardiac ischaemia
leads to overstretching of the weakened myocardial fibres which then undergo a hyper-
trophy The subject 15 discussed more fully 1n Chapter X
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Revaluations

In 2 review of the hiterature since 1935 Duff and McMillan (1951) lamented the fact that
mn each case the domimance of one concept appears to have led not merely to releganon
of the previous one to an inferior position but practically to 1ts elimination from further
consideration Tt 15 undeniable that recent physico-chemucal advances in lipid chemistry
have overshadow ed some of the earhier theones It may be of mtcrest to reassess the more
notable of these in the Iight of subscquent obscrvations
While the bulk of Leary s morphological observations on the cvolutton of athero-
sclerotic plaques remains unchallenged His clam that they result sumply from excess
cholesterol i the diet requires modification m view of recent worh on lipid metabolism
And his theory that cholesterol 1s conveyed to the mtima by macrophages 1n the blood-
stream which penetrate the intima by amoeboid action has been speaifically denied by a
number of observers— ¢ g McMillan and Duff (1948) and Moon and Runehart (195.)
After repeating the cholesterol-feeding expersments 1 rabbits Duguid (1954) finds some
support for Leary s claim  but he thinks the foam cells are incarporated to the ntima
not by amocbord action but by endothehal overgrowth Leary (1946) has suggested that
the crrculating hipophages fall out of the axtal blood-stream becausc of the temporary stasis
in the epicardial portions of the coronary artenes duning systole and so come to adhere
to the numa  Gordon (1947) attributes this phenomenon to the hghtness of the foam
cells which are forced into the intima by artenal hydrostatic pressure but hus hypothesis
1s unsupported by personal observation
Pollak and 13 adler (1951) have tned to bndge the gap between Gofman s macro-
molecular theory and the formation of intimal plaques  Following mtravenous injec-
tion of cholesterol sols of varying dispersion they found that the larger particles
tended to be deposited 1n the mntima within a matter of minutes whercas the finely
dispersed parncles caused no damage The process appears to be non-sprafic as
parnicles of colloidal graplute or sodwm stearatc arc deposited 1n a ssmilar manner
Paterson s account of capillary haemorrhages into the plaques has been repeatedly
confirmed but doubt has been cast on their capacity to imtate thrombosis  Enghish and
W illins (1943) consider 1t unlikely that the haemorrhages can produce occlusion by
elevating the mtima against artenal pressure in the lumen and conclude that they must
be secondary to thrombotic occlusion  Drury (1954) regards small capillary haemorrhages
as msignificant and thinks the larger ones are due to irruption of blood from the lumen
through a tear in the weakened intima since by serial section of such areas he was able to
demonstrate a gap 1 the muma overlving the hacmorrhage It must be added however
that both Paterson (1936) and 1¥ artman (1938) also carnied out senal sections of substantial
intimal haemorrhages and found the overlymg ntima intact at all Tevels
119



THE PATHOGENESIS OF CORONARY OCCLUSION

The pownt 15 of some importance especually m relation to anticoagulant therapy If
mtimal haemorrhage 15 a hazard 15 this not increased by the admusstration of such drugs
to cases of recent coronary thrombosis  Apparently 1t 15 not since Peters ¢t al (1946)
Tulloch and Grlchrist (1950) Loudon ¢ al (1953) and Wrght et al (1954) have all recorded
a considerable reduction 1 mortality and thrombo-cmbolic acerdents i a large series of
cases treated by heparin dicoumarol or tromesan s compared wath an untreated control
seres

Drgind s observation that severe degrees of coronary occluston resembling advanced
atherosclerosis may n fact be the end-result of thrombosis rather than of lipid mfiltration
has not recerved the attention 1t deserves especially in the United States for example
the comprehensive review of Duff and McMillan (1951) which deals n some detail with
recent hterature on the morphology of atherosclerosts does not even mention st Dugind
humsclf has never clamed that all atherosclerosis 1s the result of thrombosis and has lately
emphastzed that 1t may anse m two ways (a) by liprd infileration and (b) by thrombosis
(Ditgrd 1954)

Antecedent intimal lesions he states are indeed 2 contnbutory factor but not a con-
trolling one for there may be very severe atherosclerosts without thrombosis He 1s not
convinced that dict 15 the only or cven the most important factor in causing thrombosis
He quotes expenniments carnied out m his department (Dugind 1955) which show that
fibrm myjected mtravenoushy 1nto rabbits becomes adherent to the lmng of the pulmonary
artentoles and 15 rapidly overgrown by endothehum  Some of his obscrvations lend
support to 1mpressions gamed n the present study of human coronary lesions which
constitutes the second pact of this work namely the presence of ipid droplets m red and
white thrombt the early loss of a specific stamng seaction by fibrnous thrombt which
then come to resemble hyalnized collagen or the moulding of mural clots to a erescentic
form by intra-artenal pressure ot the blood

If the electron-nucroscopie work of Leiene (1955) 15 confirmed 1t will go a long wav
towards proving the validiey of the thrombogene. theory of atherosclerosis for no other
theory can possibly cxplam why an apparenty collagenous plaque should consist targely
of fibnn  The very importance of this observation however makes the fullest confirma-
tion necessary before 1t 15 finally accepted
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Conclusions

"THE search for the cause of atherosclerosts has often been remumiscent of the tale of the six
blind men who went into the jungle to study the elephant The first encounterng the
amimal s trunk sad - The elephant 15 a snake  The second feeling the leg was sure the
elephant was a tree the third felt a tusk and thought 1t a spear and the others called
the clephant a fan 2 rope or a wall according to whether they felt hus ear tus tail or Ius
flanks In the end they quarrelled among each other as to the true nature of the beast
Thus many a secker after the cause of atherosclerosts has touched some facet of the truth
and mustaken 1t for the whole It has been variously claimed at one time or another that
Vatherosclerosis 15 due exclustvely to cholesterol to haemorrhage to thromboss to
chylomcrons to phystological ageng to mucord degeneration and to a whole serics ot
anomalies of lipid metabolsm  Some observing one attribute have proffered a new
definition of atherosclerosis 1 terms of that attribyte
The truth 1s that athcrosclerosss 1s each and all of these things and many more some of
them no doubt still 1o be discovered It 1s that tendency to think of fatty mfiltration
atheroma and arteriosclerosts as actiological enuties rather than makeshift descriptive
terms that leads to error and retards advances Indeed the evidence snggests that we may
be wrong m regarding atherosclerosss as a specific disease rather than a non-specific
reaction by the artery wall to a vaniety of noxions sumuli  There 15 a imated number of
ways in which an organ or a tissue may alter morphologically and 1t may be that athero-
sclerosis 1s one type of reaction to a vaniety of msults ‘The fact that a sumular reaction can
be provoked cxperimentally by this or that particular agency m no way contradicts this
surmise
The wonder 1 that the arterial system retams 1ts mtegnty as long as 1t does Day and
might 1t must withstand a hydrostatic pressure that no other nissues are subjected to year
m year out aided or hindered by the force of gravity 1t must convey by devious routes
a flud with great clotang propensities and a high parnculate quota without extravasation
mto 1ts own wall or the surrounding tusues There ts every reason to expect the efficts
of aver-stretching or thrombosis with no great facilities for repair and 1t would be
remarkable mdeed 1f the adult artery showed no evidence of wear and tear quite apart
from what 15 implicd by the term stress
On this view mice distmctions betw cen what 15 physiological and what s pathological
1n the elements of ageing of the arteral tree become superfluous It follows that if ageing
15 the underlymg factor i atheroscleross m 1ts milder forms ar least therc 1s heele hkels-
hood of any great reduction 1n 1ts maidence m the future  For that matter there 15 litle
real evidence that atherosclrosss (including coronary atheroscl ) has d to
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any appreciable extent m the last fifty years  What has mnereased - or so 1t would appear
— 15 ‘coronary disease  and 1t 15 the view of an ncreasing numbser of observers that chis 15
a very different matter from atherosclerosis
It has been and still s taken for granted that coronary occlusion whether lipid fibrous
haemorthagic or thrombotic m type 1s the end result of slowly accumulanve athero-
sclerosts The reason for this belief 1s clear enough since the Ipid fibrous and haemor-
rhagic elements are all part of what s called atherosclerosts and atherosclerosis 1s known
to predispose to thrombosis  Yet there are glanng anomales Coronary atheroma (if
the London Hospital records are a relable ¢nterton) has not mereased m half a century
but coronary occlusion certamly has Moreover vessels of comparable dimenstons such
as the basilar artery show the lesser grades of atl 1 with great frequency especi-
ally in elderly subjects yet gross stenosis or thrombosis are relatn ely uncommon m such
artenies Lastly one coronary segment frequently reveals occlusion of a seventy qute
disproportionate ta the atherosclerosts m the aorta or the rest of the coronary tree
For this reason some have postulated that local influences are of prime importance 1
determuntng the site of occlusion m the arterses But what 15 1¢ that these local mfluences
determmnes Al the evidence gathered m the second part of this work goes to show that
coronary occlusion as distinct from the lesser degrees of coronary atherosclerosts 1s the
result of old or recent thrombosts and that i thus respect the coronary artenies differ from
vessels of similar dimensions It 1s not dented that local factors may also play a part m
determimng the site of atherosclerosts which i turn predisposes to thromboss but this
15 true of all atherosclerotic plaques Thus any consideration of coronary occlusion must
take 1 to account the factors which imtate clotting
QOnce 1t 15 agreed that coronary occlusion 15 the result of thrombosts albert on the siee
of a damaged ntima and that the coronary arteries are singularly {and mereasmgly)
prone to thrombosis then the anomalies referred to above at once become explicable
Ths 15 the great ment of Duguid s suggestion that occlusive atherosclerotic plaques ar
largely composed of resolving thrombs
The Iimutations of the term atherosclerosts are thus exposed and the question arises as
to whether 1t should be replaced by a nomenclature designed to differentiate the carly
lesions {mucnous degeneration ¢lastosss and fatey nfiltratson) from their thrombotic
sequelae  But the processes are undoubtedly connected and untl the nature of the earlrer
Jestons 15 more fully understood  1¢ would be waser to retamn atherosclerosts as a compre-
hensve morphological term which includes the discase 1 alt 1ts phases There s however
some Justification for the more frequent use of the older expression  coronary thrombosis
It has been stated often enough in the past that hittle can be learned about the causation
of a disease from a study of advanced lestons  Generally speaking this 1s quite true and
the observations on such early lesions as deger clastic p and
Lspid deposiion are undoubtedly of the greatest value 1n the eluadation of:nhcrogcncslsf
But the present study has coneentrated not on atherogenesis but on the problems }(]y
coronary occlusion and the mechamsms that disable the heart or abruptly terminate t 5
Yife of 1ts owner  And 1f coronary thrombosis can be prevented or arrested or dispesse
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altogether 1t 15 not mconcevable that the death rate may be greatly reduced before th
actiology of this lethal disease 15 completely understood

It has also been alleged that the morbid anatomucal approach 15 unlikely to solsc th
problem of coronary disease  This agamn 15 very probably truc and the same objectior
may be rased to any other single form of approach  But 1t should not be forgotten tha
the preoccupation of the physician 1s the re-establishment of a circulation that has b
arrested by tissue changes and 1t1s the duty of the morbid anatormst to prevent the chemis
from wandering too far away from that small but complex tangle of fibres cells and vesscl.
that 15 responsible for the patient s precarious condicron  For this reason no apology neec
be offered for employing, once agamn the well-tried approach of the microscope

[ have attempted to show that artenal thrombr differ profoundly from their venous
counterparts and that these differences are dependent on two factors the force of the
artenial blood-stream which moulds the clot to the vessel wall and washes away much of
its cellular content leaving a lamunated fibrious layer which by ordinary staning method:
may be mustaken for colfagen and the absence of capillaries 1n the artenal muma which
results 1n a slow and relativ cly avascular and acellular orgamzation of the deposit with a
low phagocytic activaty

The shunking thrombus 1s rapidly covered by endothehum and a layer of elastic tissue
continuous with simular structures at the margm of the plaque or from the mouths of
branch vessels The vasa vasorum penctrate the muma and Imk up with vascular clefis at
the base of the deposit and with residual blood-spaces m the clot but on occaston the
latter commumgcate directly with the lumen In time the whole depostt comes to be
supplied by a vascular network which however 1s inadequate for nutritive or resorptive
purposes and degenerative changes lead to further swelling of the plague and a patchy
necrosis and caleification

Later the degenerate areas bccome vasculanzed by the mgrowth of thm-walled and
poorly supported vesscls and the subscquent recurrent haemorrhages from these resule m
further deposition of insoluble chol land the 1 of foam clls durved from
phagocyne macrophages which have ermgrated from the margmal capillanes At any
stage of the process the devitahized surface of the plaque may be coated by a secondary
thrombus due to defecave blood-supply superficial necrosss the rupture of an athero-
matous abscess or dissection of the plaque and so the whole vicious eycle may be repeated

The complete argument may be regarded as highly teleologcal bue 1t 1s difficult ta see
1n what other way the various phenomena are to be explaned In any casc the apparent
purposefulness of the process 15 offset by the frequency of 1ts failure to effect 2 permanent
cure

How 15 all this to be rclated to disturbances of liprd metabolism: If atherosclerosis 1s

pted fund: lly as an ble agemg process m normal ndviduals and hyper-

cholesterolaemia or giant lipo-protemn molecules or other forms of metabolic or endo-
crme disturbance as merely aggravating factors which cause an mcrcased deposiion of
cholesterol m the plaques (whether by mfileration of the innma or the ipid content of
mural thrombs or ntimal haemorrhages) there 15 less difficulty m accounang for the
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difference between infanule fatty streaking or senle atherosclerosts on the one hand, and
the grosser lestons of diabeties or the coronary occluston of voung subjects on the
other
It has been too readily assumed that the researches of Gofinan and others mdicate 2
correlation between anomaltes of the sertm hipids and atherosclerosss per st But 1t will be
recalled that they used as their eritena of athcrosclerosis hypertension myocardial nfarc-
tion duabetes nephross etc whereas autopsy records clearly show that a great many
mdwiduals of all age groups have coronary atherosclerosis in ats mulder non-occlustve
form without cvidence of any of these discases It would therefore scem reasonable to
suggest that the possibility of a relattonshup between hpid bolism and the ¢ fabihiey
of the blood 1s worthy of tuller mvestigation
The signuficance of cholesterol i atherogencsis has perhaps been exaggerated durng
the fast half century  Thus has been duc to (1) 1ts promunence m advanced lestons (2) the
cholesterol feeding, expertments and (3) the severtty and frequency of atherosclerosss 1 a
comparatively small group of discases accompanted by a raised serum cholesterol
In secking to relate these facts to the foregong hypothesis one finds that they are not
irreconcilable  The cholesterol 1n the plaques may be dertved from hpid mfiltraron of
the nouma m the carly stages or the breakdown of red blood cells following maural
thrombosis or capillary hacmorrhage mnto the plaque  What 15 common to the lipid
mfiltrate and the d grating hacmic el 1s the luble naturc of cholesterol
The amount of Itpid 1n any one plaque may thus depend less on the cholesterol content of
the serum than the size of the hacmorthage or the number of red cells trapped 1n the
thrombus
As regards the feeding expenments it 15 clear that atherosclerosis 1n rabbits can be
produced stmply by saturating the reticulo-endothelial system wath cholesterol although
contabutory fictors may accelerate or accentuate the process There 15 no evidence that
this 15 the case m man and a great deal of evidence to the contrary  Fimally the role of
hy percholesterolacmua 1s clearly contributory m the case of diabetes xanthomatosis etc
while m the aged the gradual mncrease 1n scrum cholesterol need be no morc a determming
factor i atherosclerosis than the age effects on the arternal wall merely tending to mcrease
the cholesteral content of the plques It 15 certatnly beyond dispute that typical athero-
sclerosis may cxast in individuals with 2 normal serum cholesterol The arguments appleed
to hypercholesterolacma are equally valid for other forms of disturbance of hpid
chemustry
Vasculanization of the plaque 55 an important factor i the vicious cycle 1t 1s certamly
the cause of the smaller hacmorrhages and whether or not these play a part in mitiating
thrombosis (and I behieve they do) they are an undoubted source of cholesterol apart
from contributing a good deal of the non-hprd mush that goes to make an atheromatous
abscess the thrombogenic propertics of which are not dented
In this way many apparently conflicnng theories can be reconciled from Jorcs Klotz
and Aschoff to Leary Paterson and Duguid - Atherosclerosss 1s then seen to be the result
of multiple factors and the resultant plaques the product of numerots and divcrse pro-
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cesses Underlying all of them 1s the modification of the vessel wall i response to physio-
logical strain and the accumulated effects of age on the tssues

In youth the lesions are shight and take the form of mucmous degeneration elastic
reduplication and lipid mfiltration The liptd 15 resotbed by the youthful mtima buc
leaves a small fibrous scar In later hife the cumulatrve effect of carlier traumata coupled
with a slow rse 1 hydrostatic pressure and serum cholesterol leads to an extension of
the process and secondary thrombosts may occur mitiatmg a vicious eycle and the morc
advanced lestons  The end result 15 semle atherosclerosis a change which has probably
charactenized age 1n western man for centurtes

The problem of coronary occlusion 1s different  Deaths from thus malady have mereascd
alarmmgly and the seventy of the arterial changes 1s out of all proportion to these
vessels of simular calibre  The reason 15 not Iikely to be found among the causes of early
generalized atherosclerosts alone and tt would be well to extend the search to the localizing
factors that predispose to thrombosis 1n the coronary artenes themselves
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Appendn

PERENYT S FLUID {Chromo-nitnc Actd)

4 parts 10 per cent Nitnic Aad

3 Alcohol

3 0 5 per cent Chronuc Aad
(The Mucrotonmst s Vade Mecum
Bolles Lee London 1928 p 36)

SHERIDAN s STAIN (Modified Weigert s Elastic Stain)

-

b

© e

-
]

11

13

Bring sections to water
Transfer to 0 25 per cent Pot Permanganate bath 3 minutes
Runse 1n distalled water
Decolontze in 5 per cent Oxalic Aaid 3 munutes
Wash m running water 15 minutes nnse in distilled water
Stain 1 Shendan s Stan overnught preferably at 37° C
Crystl Violet 1 Gm
Resorcn «Gm
Aq dest  100cC
Rinse m tap water
Dafferentrate m Absolute Alcohol a few mumnutes
Wash 1n tap water
Counterstain Jensen s Neutral Red 1 munute *
Dufferentrare 1n Absolute Alcohol
Runse and pour on o § per cent Prenc Aad 10 seconds
Rinse rapidly dehydrate clear and mount

* Neutral Red stain artenies poorly and we found it an ad antag  to onut this step
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