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PREFACE °

Diskases of the heart and espeetally of the coronam ol iton
have att uned farge proportions and con titnte our Mot Impartant
economi¢ and medical problem todny  Depte tht no adequnte
and cntiedd summars of the mvestiziine work deet ted at tin
problem ests The purpo e of 13 monograph 1 to consuder some
of the many adh ances that have revulted fram v inou 1y eshgations
and 1o attempt to erstallize our thinkng regardng this the mo t
mportant vascular bed 1 the bads

Tollowing & general statewent of the problem the merphologual
aspects of the coronary cireulation are first comydered  Ihe mun
presentation 15 dexeloped from the author s ownn expe nimental work
which has cxtended over the past ffteen vears  The develupmnt of
experimental appronches to the vtuds of the coronirs are ulation
15 considered extensively incluling the prepirtions u el the
methods for determination and regi tration of mewr and phasic
cardhac pressures coronars blood flon coronary flow determinants
and the metabobsm and work of the heart The ¢xpenimental
findimgs stress the peculianties of the corenan crculvtion the fune
tiomng of the dntnbtution charnmels for coropan wflon and e
pecally outflos  the nterpretation of phasie flon and pressun
cures the determmation and esaluition of the ba e flow control
ling mechamsms  the whimate wction of drag  the blood flow
metabolism and work of the miorardum and the physwtogicil
respanses of the coronan errenlarion ‘The present ityon 1s concluded
with a consideration of heart di ease and espertallh atherosderoas
mmm The attempts to create and study this condition through the
experntental production 1 anumals of coronan arters con trction
or occlusion eardiae hvpertrophy and chrope congestice et fal

ure 1ogether with the assocsated compensators physiological rrac
tons are considered 1n some detanl 1t 15 pomted out that chrome
congestive heart falure has not vet heen produced experimentalis

It 15 hoped that critieal thnbing about the hnown facts of the coro-
nary ewrenlation will ogen the doot for the expertmental production
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of stndardizible chrome heart fulure m 2 propar experment i
amm1l and thus, ultimatels mens to prevent or to correct 1t will
be evolved

M excuse for all this 15 that T hive been mveigled nto it by the
urging of well meaning friends I realize that 1t 1s but 1 vers dim
and sputtering candle among the bright lights of cirdine resewrch
still 1ts writing has helped to orent myv own thinking perhaps its
reading will be of some small aid to others

1 wish to thank numerous friends and colleagues who hwe en
couriged me and made suggestions for improvements espeenily
Dr C J Wiggers and Captan R D Seels M € who were hind
enough to review the manusenpt eriticndh Tor mamy of the ex
cellent drawings and photographs I am deepls mdcbted respectivels
toMr C D Purpura and Mr & W Carpenter The eriticisms of
Lieutenint I' H Tongmo, M C  nd the editonal and secret il
assistance of Miss Brunette Arnold are gratefully whnowledged

Dovarn I Grrec
Tort hNox, WFNTUCKY



TORCWORD

Tt wist have been obvious to the ancients that some provident
mechant m eusts by which the coronars Blood flow 15 adpted to
the greath varving needs of the heart bath in bealth ind di et
Honever moture has zesdoush giarded the seerets of its reguiation
through a complewits of mechimsms each of shich can modils
Mood flon  In no fiekd of the areulition hise oue vewpeonts
changed more frequentiy than i the mterpretation of the coronan
arculation  F<periments which in one epoch appeared crueinl hase
proved less comyincing or fallacious as new obst wles toa rer) under-
standing hve appearcd 1n researeh after research

It 15 a dutr as well 15 4 privilege for quahfied investigators oe
crstonlls to surm irize cutrent trends in the form of a monopnph
s that worhers 1 tefated felds may Leep 1n touch with contumpo~
rars hnosledge  In order to be of real value such rosiens require
more thin categonical statements of contradictory conclusians

reached by different group of mientigators It Cannot be wsumed

that all conclusions hve equal value  Results must be snabvzed

and fanhy apprased 1 relation to the expesmental procedures
emploved  Crless this 1 done we ate apt to confuse what o vecur
with that s hich does oceur in the normally beating heart

3t 15 abvious that such ex luation of eurrent work cn be under
taken only by an mvestigator sho lumeelt bis prrtiipted acta (v
w expenmentt work for mant vears and has thereby guned the
ability of recopmzing the pitfalls that be-et workers 1n the held
Moreater 1t c1n b done anly by an sndivadual who b temper unent
and tramng has deseloped the eapaats to snah ze enticalis lus own
worh a3 wefl as that of athers  An wtimate association with Dr
Donald b € regg and famidtants with hus approaches attachs and
wabvses of problems conttnce me that he powsesses all of the ¢
quabfirations

Tt wall be oh tous to readers that Dy Crepg has built by inter
bretations essentialls around results abituned bt use of adequate
apparatus and techniques on normally beating hearts i the hods
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He recognizes thit a studs of the coraniny circulition requres 1
synthetie 45 well as an analvtic pproach, and that many pecntl
y pes of heart preparations were required as stepping stones tow rd
a2 full understanding of the scparate factors thet control coronary
flon However, his onn interest and that of Ins numerous ascocite.
have chiefs been directed tow ard the integration of these factors
the normaily beating heart under dnverse experiment il conditions
If amv eriticism ean be offered, 1t 1> that he has sometimcs Jeaned
too conservatively toward the side of caution When doubt evsts
15 to mnterpretations of lus onn work or that of others he has frankly
left an optnton pending  But how much better than to err by specu
Inting 2nd theorizing on mseeure or probable evidence !

Dr Gregg, s thinhing over mam vears s reficcted m this mono-
graph, has alw v » been to carrelate laboratory findings with physto-
logical and clinieal problems  After analvzing the w nvsm which the
coropary circulation adapts itself to the actinrties and vicissitudes
of the healthy mdividual be hes comsers ativels extended the ipph
eation of cirrent hnow ledze to various eardine conditions found n
disease

It may confidenthy be predicted that cardiovascular mvestig itors
cardiologists and progressin¢ practitioners of general medieine wall
i fee) thit Dr Gregg has rendercd 1 rcal service m Tanching, thes
monograph  1he Coronary Circulation i Health and Disease

Cant J Wirerns
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Coronary Circulation

in Health and Disease

Chapter 1

INTRODLCTION s STATIMINT O TN
PROBLFM

Divgask of the coromny architecture T long heen recognized
and the dev elopment of our hnowledge of 1ts importance 1w redton
10 heart disease has been traced by YWills and Dy ® The ('lml:‘ il
wndrome of angina pectorts was well described in Fnglind m 1708
by Heberden  and 1ty assoctation with changes i the coronn
arteries was early observed by Tothergl™ n 1770 and somewhat
Iater by Hunter and others Probabls the firt ease of coronars
oeclusion correctlh diagnoned durtog e and confirmed at autopss
was by Hammer' 1 1678 In 1910 Oslert® ob erved that advanced
coronam arters disease may be present at autopwy without much
disturbance of cardiac activity and that m some fatal caes of
wgina pectors vers hittle disease of the heart or sts blood vessely
could be found Tt was not until 1812 that Tlerneld™ gave acomplete
chnseal discourse on sudden coronan occlusion and showdd that
patients mas at times sur\ e complete (losure of 4 coronary artery
The mtrod of elect d hy 1n 1903 by Tinthoven®
stinulated cardize research ! and the subseguent recogmtion of its
value as 2 diagnostsc tood so adhanced our hnowledge that the dng
nosis of coronary artery disease can be readily made

A5 a prelude to a consideratton of our knowledge of the functioning
of the coronars Grculation 1t 1s ittng that brief attention be gunen
to the prevalence of the problem of disease of this svstem and the
heart  Accurate mformation roncerning the present and past status
of heart disease 13 not available anvehere in the world despite the
long history of knowledge of its existence and despite the accumulq
gnn of much knowledge on the subject from variou sources lny

%0 1 part hecause n such an approach to an exaluation of the
‘:;:‘:1:;"‘ 3“‘ 'nterpretation must be tempered b the realizatson
s Esu:}tzaama(\t be l:nﬂuen(ed by assousated and uncontrollable
dores ‘;enﬂ) chinges 1n classification and reporting proce

e 1 cardiosascular renal disease) (2) the ques

()
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tionable accuracy of death certific tes (8) changmg emphse or
fishion m dingnoses (4) hnown reduction i mculence of other dis
eses which catces 4 corresponding ncrense i the ratio of deiths
from hicart diserse, (5) nging of the population which accentuates
hert dwserse because heart disease 1+ more prevalent in the older
nge group, (6) wcorrect sampling of the population for economic
reasons or bectuse of a lack of correlation of orgamce heart disense
with the subjective ssmptoms  Therefore, in the present state of
knowJedge, 1t 15 extremely hazardous to be do,matic about the ma
dence, morttlity trend, 1nd ettalagical factars s olved m heart dis~
ewe It 1 much safer to consider the broad group of dise1ses of the
cardiov ascular system which meludes the heart hidney, and intra
erwnl lestons of vascular onigm  and possibh an all defined cause
sentlits  which has concealed a large group of deaths from heart
diseasc  However, some rather general deductions em be made
without much fear of contradiction From these, 1t 1n meseapibh
dJeir that heart disease constitutes our most inportant medieal and
pubhie health problem tod

It 15 estimated that 4 to § million persons in the Umted States wre
afflicted with some form of heart disease ® The annual number of
denths 460 580 n 1947, 15 not only 1 staggening figure but 2 con-
stderabls more than twice the mortahty from the second most fre-
quent cause of death cancer, with 189 811 deaths m 1947 The
figure for heart disease comprises about 1 third of deaths from alt
cunses and approuimates the nest three lexding tanses combined
{Table 1)

The situation 1s defintely not static  The gun m crude death
rites aseribed to heart disease and to all forms of cardios 1sculw
renal disease has been considerable meresing from 420 per 100 000

Tasrr | —CoMParATIVF RaNK oF Masog Catsrs of Dearn 1917

Rute per
Total 109 000
Deaths 1 opulation
1 Duwenses of heart (all forms) 460 580 L}) -
- Cancer and other mabignant tumory 159811 124
3 Intracrantal lesions of vascular ongin 13 Bl‘: a1 4
4 leodents (all forms) 121942 No b
5 Nephritis S0 5% 56 0
6 Congental matformations and dissa. es of fir ¢ year =
of hfe (including premature nrtha) 8l €3 53
7 Pneumonia (all forms) and infiuenzn 61,836 31
@ Taheeesla 16 tall forma) 4% 064 135
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population n 3930 10 520 prr 1600 000 population i 194> with ali of
the wtrense asgned to beart & ewe® {(See fiz 1) Themot
ctrang merease 10 the erade death Tate 1 from heart db e n the
older age group 1ncluding coronars artery 1 e e huperten won and
otber tvpes of nou valuulir heart diewe  [n the mdwidnnd e
groups from thirts five 1o exghts five vears Broken down it ten
vear penioxds the crude mortality assigned 1o hert dues e hasin
creased for each age group over forty five veus of age and has
dechiped 1 o}l the vounger sge groups the general dechne g
chuefts from a fall i the wadence of vhewmatic heart diea ¥
{Fig 2)
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five vears of age, an 1ge period m which hypertension wd arterio-
sclerotic heart disease are more likelv to occur  Tor exunple
1930 the life span approximated fifty seven vears m 19441t ipprox
imated sixty four veuws ™ When the death rates are corrected for
ing of the population the deaths n all age groups for all cardio-
vascular-renal diseises show 1 slight downwrd trend and deaths
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duc to et drewse e mepeased oy shighthy durmg this pursod
iz % Dren the <mal) wmererse ma be more apparent th
sea forstasbelieved explamable by the shufting patternim dingnos
Which now emphasizes cardiie diserse Tather than nephritis and
cercbral hemorthage
Tnam evalnation of the status of feaet dieve it esentinl to
cousder the wns m which the heatt ewn ful Cdine falure
ant ¢ from snfections such as sheumatre fever bctend endocasdutis
vplubs or man be acsocted with non wfections states such as
coronars, asteniosclerosts Svstemie hvpertension wath or without a~
wotated coronws avterosclerosss  pulmonars hipertension i
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s Death res tratsen States (1900-1945) (Woolsey and \lon;?mz’z:)

thvrond dise:
s o oot et e et s et
oL st be based ultumatels on o
oftne i;:t:;\:;l:::({] ‘vlnﬁuﬁixucncw of the coronary ireulation or d:u
o artere brn?] n absalute coronary wufficuney o coro-
o e o e f ‘z“ }f)m(d or its tumen 1 decreased thus
oo gt eithe r :: (; hypedsname or to fibnllate Such
o ot s arices from arterio dlerosis from thromboss
oo bass from intramura) hemorshage or on 1
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five vears of age, an age period m which bypertension and arterso-
selerotic heart disese e more Whely to occur  Tor example m
1930 the life span appronimated fifty-seven vews 1w 19441t pproy
mmated sixtyv-four vews  When the death rates are corrected for
agmg of the population, the deaths m all age groups for all cardio-
vasculir renal diseases show 1 <hght downe ied trend  wd deaths
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tent of coronary arterrosclerosis but the state of nutntion fluctu \(]ﬁ
greatls during the average fe nd the state found at desth m‘;\ ‘!L‘
entirely different from that existing during hfe  In support of the
\iew may be adsanced (1) m 2 statistical analysis of 200000 men
the death rate from coronars arteriosclerosis in overs eight men was
at least twice that 1 normal weight men ®(2) 1n unselected con ceu
trie autopstes of mndidnals over the age of thirts sers the nct
dence of advanced coronar arterio~clerosis nas much greater
obese tdrsiduals and nas independent of age <ex mereased blood
pressure heart weight and diabetes ¥ and 1n eighty con ecutine
cwes of fatal coronan arteriosclerosts tn voung soldiers 91
per cent were overneight & (3) i parts of the world where poor
nutntion 1s prevalent a low meidence of coronary arterio clervsis
15 reported espectall 1 Chint and Costa Riea ™ * Honever de-
spite the precedmg 1t cannot be demed that obemts 1 more preva
Ient 1n nomen than n men and vet chineal or pecropsy evidence of
artenosclero 13 in the coronary arteries 15 far less common in women

The artous views expressed concerning the incidence of coronar
artery disease in relation to different eccupntions have been conflict
g By some the opinton 1 held that professional men such as
phisicians lawvers and busmess executnes are more vulnermble
to coronary divease than are laborers and farmers and this possibly
because of sustained mental alertness work amucty irrepulanty of
rest food and exerctse  In line with this idea the recorded coro-
nary death rate of male physicians has been reported w approvs
mately twice that of white males of the same ages in the general
population *® However others could find no greater wncidence of
coronart arters disease among phi sicians and professional men than
n the general population 10 2

Heredity 15 accepted by many students as a significant etiologieal
factor i coronary artery disease  In congemital xanthomatoss
coronary occlusion is almost inevitable and often 15 mamfest 1n the
tnenties oreven earlier ¥ The fact that the intim of the coroniny
arteries hving i the epreardium {to which TEZION COronary arterio-
s‘clemm 15 largels restricted) is much thicker in the ‘male than 1n the

emale from birth on' may establish the basis for the sex difference
m the meidence of coronary arteriosclerosis
an’(li‘h; i:;(::in:\n ti :::elass(lx;latmn of arterosclerosts t the systerme

m older patients with duabetes 1s almost un

equaled by that of any other di ease The inctdence of coronar:
artery di ense 1n diabetic persons has heen 1oy estipated repeatcdl{
at autopsy with general agreement that sesere or sigmificnt arterio-
scleroszls 15 more frequent 1n diabeties than 1n non-thabetics  Oner
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non artertosclerotie basis, from embolism nflammation wd w-
philis  Hearts with relative coronary msufficiency muw 1o fal
because presumably abnormally high work demands are made 1
1 congenttal hearts 1 essential hypertension and as the result of
v Uvular lesions from infectious processes  In disease of the myo
cardium, the heirt fails because the muscle )s damaged by an m
fectious agent and thus has a relatne meapaeity for work, as m the
acute stages of rhenmatic fever

‘With this in mind our present mformition 15 structne Al
though 1t 15 difficult to estimate the true distribution of heart disease
between the coronary architecture and the myocardium the percent-
age of individuals with heart disease who have sigmficant coronary
uterv disease (according to the elimeil dingnosis) approvimates
26 to 37 per cent 12®  In addition, necropsy sources indicate that
32 to 54 per cent of persons with orgamic heart disense die from dis
eases of the coronary arteries! % About 4 third die from myo
cardial fulure associated with eardiac hy pertrophiy i cases of healed
rheumatic valvular disease and hapertension without arterio
sclerosis,! presumably on the basis of relatis ¢ coronars msufficiency
The remander approximately & third  die of mvocirdial failure
associated with some form of myocarditis !

Heart disease 1n infants 1s quite rire and generally on = congenital
bagis  With age the mortality nses progressivels and the rate of
merese 15 especialls ripid abose the ages forts to forty five when
1t approximately doubles every ten vears to reach its highest rate at
the ages eightv to nmety * However the predommant type of
heart disease varies with the age Rheumatic fever 1s the feading
cause up to fortv yeirs hypertension 1s rclatively most mmportant
from forty to fifts vears Instill older people the predominant canse
15 coronary arteriosclerosts with or without in isocrated hyvper
tension ®

Heart disease and the mortality therefrom are much more pres 1-
lent 1 males than m females  This does not apph 1 cluldren and
vounger adults in whom almost all cases are of rheumitic ongin but
In the older age group heart disease 15 far more frequent in males
than in females presumably because of the much greater madence
of coronary artery diseise in men than i women 118 1334

Attention has been directed tow ard the relation of coronary heart
dise1se to associnted states with the hope that the etiology would be
determmed  This 15 the major problem n hert disese

Tt 15 not generally accepted that a relationship esists between the
state of nutrition and coronary arteriosclerows  I'stablishment of
such a relationship 1s particularly difficult because post mortem
exammation 1s the only satisfactors method of determining the e
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Approumatels one-third of persons with \\unr di ease \\U;“m :‘;2
e from praty mvocardial fadure one-thurd from pr‘l:m coro

mam ansufficiency assoerated wath cardiac hvpertrophy nd \
crensed work, ansng from yalsuhr Jesions and Inpertension and

the remamng one-third from primars coronary nsufficiency on n}n
artenoclerotie bsss Over nutnition and hvpertension 1 the male
<ex of 1 anced age are assoonted with 1 high meidence of coronary
arterioscleros the mam Jesion of the coronary arteries However,
presutnabhy no one factor can be considered responsible for the de-
velopment of zoronars artenoscleross for 1t can oceur 1 the ver
oung uf erther sex at any age sithout ohesits andd at a normal
blood pressure At all events this bef recaprtulation of the prob-
fem mdicates that more attention should be centered an the coronary
areulation since &t Yeast tno-ttards of W heart disase and heart
fashure anises from & relaty e o absolute fature of this v cubee tree
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the 1ge of forty vears functionally significant coronary artenoscler-
os1s occurred 1n 74 per cent of fifty diabetics and in 37 per cent of
400 controls  The relatnve immumty of non-dibetic women
to severe coronary arterial Jesions was strking although male
md female dibetic patients were equally affected ® The et
dence of such lesions i vouthful patients 15 only beginnimg
to be appreciated  There 15 chnieal evidence of prem ture arterio-
pathy i vouthful dinbetics after fifteen or morw vers of the disease
A nutrrtional factor mav alse contribute to dey elopment of this dis~
ease m youth as lesions are behieved by some to be found onhk m
those individuals uncontrolled by dret and msulin over  period of
Jeus

Lles ation of blood pressure 1s the most common assoerted finding
1 heart disease and heart fulure  The Itter could arnse from the
excesstye work thrown on the heart by the hy pertension wlich leads
to v pertrophs 1nd farlure  However, the evidence 1s conficting as
to whether there 1~ an associated merese in coronary irtery disese
m these mdiaduals  There s no doubt that the percentige (23
to 40 per cent) of hvpertensne pitients with coronary artery
disease 1s high, 451 and some necrops\ studies mdicate thit the
metdence of coronary artertosclerosts 1> mny times greater m the
h pertensive group (or those with heavy hearts with non salvulir
disetse) s comprred to 4 corresponding group without hvperten-
sion * 6% Howeser m 1000 autopsies, ages fifteen to mmnety four
of persons with blood pressure greater than 160/90 and without car
dine valve lestons, the meidence of coronary rtertosclerosts % s no
greater than m 4 simliar group with 4 normal blood pressure

Comcident with increased blood pressure or with long sustamed
valvalar lesions the heart hy pertrophies  These hewy hearts are
regirded by some to hive = greater inerdence and extent of coronary
arteriosclerosts than do other hearts of a normal si7e 31

In summary then perhips the most sigmficant fict concernmg
Leart disease 15 the close reltionship between the growing meidence
of such disease and the ging of the populition  In the older 1ge
group, Ivpertension and artertosclerosts are the most common causes
but m the vounger age group there s been 2 sharp reduction in the
prevalence and mortalits of heart diserse beeause of the decline in
rheumatic fever and bettcr control of infectious disenses The orver
all 1se m cardrae eases nd death is the conscquence of a suceessful
effort to longthen hfe clucdh through the reduction of the acute m-
fections and 1t 1> the stcady upw wrd movement of the cirdite death
rate m the 27 per cent of mdn tduls who are forts five vears of age
or over that s largely responsible for the merease m rate 1t all ages



Chapter 2
GUVFRAL A\ ATOMIC CONSEDE RATIONS

Myotardwm —The ventrieul ir wails are made up of four diserete
muscle bands or lavers an ing from fibrous structures at the base of
the heart Throughout much and pos by Mo ¢ of their voure
the different muscle bundies ure seprated by conniectine fsve whith
aba cantus blood ves ols nerves and Purkine ke cel) # Lhe
Aifferent muscle bundles are liustrated schematie Wb figore 4
The two superficiil muscles the sinonpiral and bulbospsral (over
sem thinh amost the entire <urface of both ventndes toa Acpth of
bout a millimeter  These two muscle bands an ¢ respectneds
from the might and left buots of the heart coure dirgonalh around
the surfaces of bath ventriele to converge at the apex where thao
penetrite to the wnterior of both ventricles to be subendocardi s
and to tun spizally upward completels fming both sentrieulr et
pes  In addstion some Bbers extend further tonard the tenor of
the ventncul it eavities to form the papillary muscles frum wlwch
fibrou tendons {¢horde tendons) 1ttach fo the vahe leaflts (aunic
wlo-ventreular vahes)  Other fbers from the superficral butho-
spird muscle constitute the loner portion of the septum  These two
musces presumabh cw e fivation of the ¥ valie kaflets dunng
sistole preventing regurgatation and alvo mys po wbhy fix the ful
crums <o that the septum and the weak wailed apiees do not bulge
durng svstole

The mam musculsr portton of both ventnicles s maade ap of the
140 deep mut cle bands the sinospirat and bulbosprs) nhaehs art
from the mitral ring  The deep smuospital 13 & powerful tran verse
constretor (deficient at base and ape<) shuch encirdlen Y oth ventnr
cles and forms moast of the upper partion of the septumn The deep
buivospiral muscle 1+ a heavy sphncter extending around the upper
third of the left venteicle gnd surrouadsng the mitral wod aortac on
12::;1“1: hb E:’r‘»bable t};at hoth museles have a domm it function
. ?Smmfn\ o m\:ntm 13 and that i addition the decp hulbospiraf

Condusting § H’: AInng q0rtic pressure toward the end of <t stal
heort gt ystent. —In the wunicles and v ntricles of the hum

and memmals 1w general there are peerhzed muwle B
Quckunge cell) stk sre bel eved to sub erye the e
duction A compared to orehn v function f cau
Targer dismeter cle: S rardine mu e cells they bave s

arer evioplasm fewcr cross striations and Possess
(21)
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perphersh maofbrdle 23 5 A collection of these l“lh (1;0
eno-atrial node lies 1 the suleus termnilis enother, the atn
ventricular node fies at the base of the mterwuricul e septum Just
anterior to the mouth of the coronars sinus Several decp pathnavs
contamng specnlized cells and unobstrutted by connective tissie
extend between the sino-atrial smd sl ventneubw nodes  The
speciilized cells are concentrated ner the nodes and apred out to
mabe end ta-end trunsttons wnto the ordmars atrul muscle From
the atrial ventrcular node, parillel condensed strands of ths i vue
pass through the membranous septum as the bundic of His to divide
mto 2 hroad flat sheet of fibers on the left and nght to form the left
and right bundle branches  This specialized tissue 13 not mereh 2
subendocimhal faver but1s 4 profuse myoc wwdiil networh Pimifving
i man planes and extending neasly to the eperdum  The two
<uperficnl muscles ave nnersated from thewr papillars ends by the
autertor and postenior din1 jons af the left branch of the bundle of
s The deep muscles are inners ated by penctrating hranches that
emerge radually from the Purlunje svstem to the proper level and
then turn to run parallel to the aircular fibers - Thuspeanilized tissue
ends by a gradual end to-end transiion into ordimar heart muscle
The aodes the hundle s branches and the specrihized tissue trans
ttrons 1nto ordinary heart muscle are all enclned 1 4 connectine
tissue <heath ®

Recentls the concept of the separation of errdiac muscle into dis-
crete lavers and the existence m the human 4nd dog heart of <uch
specialed musle fibers has been chatlenged 3* W Jlowcrer 4t
thatgh to such suetem eusts tn porhilothermic yertehrates s 1s
present e the heart of the dog monhey and in the human fetws and
embryo has been reaffitmed # % Presumabik, the negative findings
::::; from the use of grows disection and snadequate stunng tech

Sensory Innervation. - The mimmabian heart 1
with vinceral afferent nerves T bl supplied

Al of the non museular tisates af the heart gre tiehly swpphied
with myvelinated perve fibers meluding the penicardiuen epretediem
endocardmim nterstitia) connectve trssue And 1 alve strnctures 1184
:\;nu Abe struttures ineryated have no kaown motor function the
l,:;:ht:c‘ :x:;‘uma\,\\ sensory  The coronary attenies and ther
e mnatad T st W) vtk
“ ermiral divisons are filaments
" r:‘t(l:(:;x"; :1; ﬁlm;h}faths wn;c of which presumably extend directly
e of the arters * Nerve endings wn elose relatson to the

winl mncle fibers and resemtiling Teceptors in skeletal muscle
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DEEP BULBO SPIRAL DEEP SINOG SPIRAL

Fiac 4 —Upper Left The superficial bulbospiril muscle as scen from
the front of the heart A norta M mutralonficc P pulmonary artery T
tricuspid orifice AT, anterior leaflet of tricuspid valve MT medial leaffet
of tricuspid valve  Post leaf inferior (po teror) leaflet of the tneuspid
valve PI’ inferior (f[‘)odermr) leaflet of the mutral valse  Av shaped seetion
13 cut from those fibers encrreling the left ventricle subendocirdinilly <o
that the mitral salve may bescen  Upper Right  The superficial sino pirl
nuscle as seen from the anterior surfice of the heart  “3mbols as above
The subendocardril layer has been cut through jn order to show deeprr
struetures  The window 1t the right ventricular wall shows the fibers from
the trabeculated area running up to the anterior and medtl leaflets of the
tuicuspid valve  Louer Left  The deep bulbo piral muscle a powerful
sphineter encireling the left ventricular base and enclosing both the aorta
and the mutral ortfice within its sweep  Symbols a< above  Lower Right
The deep sinospiral musele as scen from the front  Note the divs 1on of the
musele at the posterior interyentricular suleus with fibers p1s g anteniorly
to form mast of the basal two-thirds of the septum the e eptal fibers fi
just distal to the band of the left head of omgmn at the base of the sorta

svmbalsasabove  (Robband Robb *)
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DISTRIBUTION OF THE CORONARY VESSELS

§ patemes —Two corommn artenes the nght and left curn
blood to the myocardium  About 2 milumeters from ats o tum the
left coronary arters duides mto the left aircumflex and the antenor
de~cendimg branchies  The former runs in the atsioventneudar (3 V)
groove to the left ending m a po terior descending braneh  The
wterior descending branch runs dowoward i the wtersentneulsr
groove toward the aper  \ear it> origm . septal branches are ghen
off The nght coronary arten descends in the right {4 V) sulcus and
ends po temorhy s severd descending branches over the nght nd
feft ventricles

Fie 5 — Diyaga @1

’;;ms %‘ ‘lhe u'x’woa!d:\ {:‘ntmg the & tribution o
I oca t
hmnchre‘:\znn;ggethmu subetuc 3 muscutsr branch 4
o g b Thickne < of wall & ang tat ¢ chaone}

f artories
F epreard BMOng miz cle
4 xubppxmrr’du‘ é‘;n""“,f' endocardim 4 2 31t

The subdn i
1005 of the mam coran
\
 the general directson of the e o xcend el
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have also been described, these consist of spirals encircling the mus-
cle fibers of the m\ ocardium and of endings sumlar to the neuromus
cular spmndle receptors of skeletal muscle 1830

Ihe-e visceral afferent (sensory) fibers m the nerves of the heart
follow the myocardial and epicardial branches of the coronary arter
1es tonard the base of the heart to form nerve trunks and are the
anatomeal structures by which sensory nerve mpulses are trans
mitted to the central nervous svstem  Degenerition studies follow-
ng nerve section m cats show that the stellate and middle cervieal
sympathetic gnglons, the thoracic dorsid roots wd the nodosa
ganglions of the vagus nerves all supply afferent fibers to the sub-
epicardial, subendocardial, and pernvascular tissues of the myocar
dium #  Howeser, no conclusion 1s possible as to whether 1n the
human heart these afferent nerve fibers are part of the vagus nerve
with their cell bodies m the nodosa ganglons or whether most of
them accompany the svmpathetic nertes and have their cell bodies
1n the dorsal root ganglions of the spmal cord as suggested by the
known fact tht stellate ganglionectoms reheses anginal pamn - Therr
function 15 poorls understood, but no doubt at every systole nd
diastole the central nerious svstem normally recerves volleys of im-
pulses from various areas of the heart

Autonomie Innervation —The nerve supply to the heart from the
autonomic nervous system 1s 1bundant although anatomical separt
tion of the svmpathetic and parisy mpathetic svstems 1s somewhat
difficult especialls i the heart, because of differentil stamnmg difti
culties Woollard® reported the presence of nerves, the termmal fila
ments of which pass among muscle fibers and within muscle cells
Anatomical and phssiological evidence mdicates that cholinergic
(parasvmpathetrc) fibers are distributed to the sino atrial 1nd atril-
ventricular nodes to the main bundles and in some species, to the
proximal portrons of the right and left branches to the myocardum
of the auricles and to the coronary artertes and that except for the
guinea pig and frog ventrnicular muscle does not appear to be sup~
phed by cholmergic fibers” 337 Adrenergic (>ympathetic) fibers
do not stan readily and hence their termnations have not been
followed in detml  Ttisbelieved largely on the basts of phy stological
mvestigations that they are distributed to the sino atrial and atnal
ventricular nodes tothemore peripheral parts of the conducting svs
tem, to both atra and ventricles and to the coronars essels These
findings suggest the possibility of nervous control over my ocardial
contraction  In addition the tbundance of such nerves found
proximty to or ending on the coronary vessels umplies 1 probable

1 asomotor function
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Idf of the mterentnculie septum. wid vl et of the }"’;f”'“;
wallof theleftsentricle  Aboutn thurd of the bearts b vhal )\nm
coronars areulition m wich exch of the heart s twe ventrcles ’;t
cornes tts blood supply from its corresponding arttss 2 ¢ the ”;‘3 ;i
coronars A ters sypphes only the nght ventrw leand the postertor hal
of the mterentrrular septum and the left coronart arters supplies
the left s entrcle and the anterior hilf of the intersentnculsr eptum
Approumatels a hith of the hearts are left coronry artery predom:
ot Inthe e the left coronan arters m supph the whole of the
left ventricle and the entire intersentrcular <eptum anteriorh and
postenorky 10 Additon to the left ventndle and the entire septum
it miv al o supph o part of the nght ventnicle nver ats posterior
<urface and anterords m the region around the pulmonars conus and
on the nght ventricul ir side of the Jeft descendens

The coronany artersal pattern of the dog s heart 1 quite constant
and compares with the left coronary predominant heart m man ™ *
The close resemblance of the coronan arters pattern in the dog s
et to the human heast which <uffers mo t from the effects of
artenoselerost ¢ ¢ the left coronan artery predomtnant heart 4
necessitrtes ¢ xution 1 tran fernng to the human heart results and
conclustons arted at by interference with the cirenfation of the
doe s heart

Inman the so-atnal node 15 supphied b 2 biranch of the nght
coronary artery (pear its o tium) in 1hout 70 per cent of he1rts and
by 5 branch of the left coronan m 2> per cent And m 7 per cent
from both vessdy  The atrsal ventnculir node 15 <tipphed by the
right coronars n abont 82 per cent of hearts  The right bundle
branch penerally obtuns its blood supph from the anterior descend
g branch of the left coromats artery but ma be supphied by both
right and left coronrs arteries  The lefy bundle braneh 1o generally
supplied by both artenes usualke from septal hranches of the left
artenor destendens branch and small s essels from the nght cornary
arters  The arbonzstion <ystems rercne therr blood from arteries
supph g the myocardium m which thes fie 944 5 a5

B Capillary Bed —Becawse of the great difficulty of therr 1ngec
tl‘on fen studies bave been made of the caplianies of the heant
:;a‘r&; ?:“XB:SW““"““ TR 8 wang an mjection techmgue
ety ot r’za\ ted human eat and rabbut heart suceeeded 1y

st of the capillars bed with an ox gunated Loche s

Rosenliim sofutron contun
g bluedse  An eva
tion 13 Wustrated 1n faure 7 e o e

B such imjections the small g
Tt
iﬁd nrt»rl\nles are found t0 ke in the space- between and pamll:‘;:
e muscle bundles The artenole prerces the musele bundfe usully
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coronry branches 1re carried along with the muscle to suppls the
mmner laser of both ventricles and the papiiary muscles  Gross dis
section, mnjection, and studies of the distribution of ms ocirdial sears
m the dog nd human heurt strongly suggest that ¢ wch ventricular
muscle bundle hns an mdrdual blood supply, although as shown m
figure 5 numerous communications extst betw cen the diffcrent mus-
clelayers 0t 33

‘The general pattern of distribution of the coronary artertes and
their branches 1 far from constant m man 4 By roentgenographie
visuahzation of the coronary arteries injected with lead phosphate

HUMAN HEART HUMAN HEART
RT COR ARTERY PREDOMINANT BALANCED COR ARTERIES

HUMAN HEART 00G HEART
LEFT COR ARTERY PREDOMINANT LEFT COR ARTERY PREDCMINANT

Tic 6 —Distnibution of coronam artertes of human and dog heart
(Schlesin,er ¥9)

agar, and m hearts unrolled before fixation sa as to flatten out the
coronars arterses 1 one plane human hearts huwe been found to
have three distinet patterns of distribution of their arteries nght
coronars artery predominant left coronary arters predomnant and
o balwced coronary circulation  These are <hown i figure 6
About Lalf the hearts are nght coronary irtery predomnant @ e

this coronary artery supplies all of the nght ventnicle the postenior
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esther contrnues 1 the muscle bundie for a short distunee runs di
rectly acru 5 snd perpendiculir to the fibers to the paces between
the mu ci¢ bundles or veed wonalts drms directly into the heart
chambers

At birth, the mvocwrdid fibers have « divmeter ypproximitig,
U to § nucrons and with growth of the heurt to an wluft sz the
fiber diameter incretes to approximate 12 to 15 microm (Tig )

I}
¢

wcaos

Fegr pa €7¢
T
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195 300 a0
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Fig § —Relation of fiber diameter to heart neight  (Wearn )
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208 1n ﬁber-capllhry Tl wth age  (Wearn )
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dugenidh or trinsverscy, and immediatels wrhorizes mto capill i
ries which are parallel to and n contact with the muscle fibers (g 7)
Capilliry anastomoses are very frequent ind form pleuses of ves
sels through which the branching cirdiie muscle fibers run 1 rom
the boundaries of these capillines arse the lvmph channels which
dram mto a subepteardid meshworh of hmphatics ¢ At therr venons
ends the capillanes suddenly converge to form 4 sm il venule which

116 7 —Upper photomicro,riphof 1cros  ection of heart mu cle fibers
showing npdl’ixpncx mjected with Berhn blue X 00 Lower photomwr;s—
criph of a fongitudimi scetion of heart mu cle fowing a il 1ric{‘l~zlye
arbonizing  al o numerous anistomo ¢ between the rnpxlhnc; N e
ca]l)llhl‘m lie along 1de each fiber X 200  (Wearn® courtess of the Mac

mithin Co )
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¢ The Venous Bed — Ihe 16nous dramage svetemns of the myo-
cardwum are (1) the superficial or subepic irdial svstem which emp
ties tto the night auricle and cotisots of the antenor cardine vens
and the coronars sinus together with assoriated vems emptying
near its mowth and (2) & deeper sustem of vewns which communs
cates directly with the heart chambers

The superfianl dramage svstem of coronin vems extend over
the surfaces of the heart  The grenter portion of the subepieandiyl
surfice of the feft ventricle 1 traversed by mam small cenous
branches whith merge to form the farger coronirny vems  These
n tarn converge to form the roronary sinus whick with the a <o-

3

Fie 15 L pper Logt -
antenior eardiae 1em{ m?feﬁig;nfﬂmﬁ?&m el the fout major

femaiming after

s wath
the ve % Siter remoral of cannuli, Tri pseil U5 Of 1920Cti0n muaternl

draing the putmoniry conus Tego
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Lhe ¢ ipilliry counts e consideribly ugher m the ventriddes thm
mn the auncles and the neuromuscular bundle At barth, there are
about 5 to 6 muscle fibers to each capillany s the muscle fibers
ncrease 1n size through growth the fiber-capillary rtio decreases
progressively to approsimate one capillary for ¢ ich muscle fiber
(Tig 9) ¥ Throughout the growth period the concentration of cp
1llaries per umt ared 1» muntamed at 4 furly constant level (3p
proxumatels 4,000 per square mullimcter) Thas the mcreise n
muscle mass 1y accompnted by an merease m tot ] number of cap-
ilaries  After full growth the normal hearts of dults {twents fise
to seventy seven veirs) muntun an pproumatel constant eap-
iy concentrition and the muscle fibers reman at the same size
so that the fiber-cipillary ritio 1> mauntamed (Fig 9)

tagriph of dog s heart shoning the di tribution of superficrsl

B il
Tic 16 —Tho he surface of the night ventricle  (Gregy, et af )

1ems over t
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beanches of cozanary wtenss nere found to kavethe et around
the ostrs of the pulmonars 1o and axtery the supenor and mfroer
cenn ¢ava the oot of the porta and w the wtrap nevedid reflec
sons and then wnastomose With the internal orunmus artery gnd
vanpus 1ortie branches <o that blood 1 drtnbuted to the vaw
vasorum of the thoriue ottt and pulmoennn artets  throughout
the pericardom Suphragms pleural urfices of fungs the brondh
rediastinum trachea and esophagu

1t 15 east to demqumstrate v the gormt heart that anastawma e
st between the caronan artenes andfor thewr b anches  Yeaters
sofuttans of India wh Frusen blue or saline suspunsions of red
cells babefed with ridwactine phosphors when myected it & cotos
nary arters or bratch quichly pper tn the other coronary ar
ters %9 However the use of such low s tveostty substances does ot
wdiate the probable size of the commutentions cither i death ar

PULMO ARY ARTERY a0RTS

S (o smare
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o GREAT CARD AC
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Fie 12 —Schematic drawing of heart indy ating prinespal errenlstory
i ndieating

life Pstimates of the « ¢ and extes

nt of
CommURKAtIons in the normal i o ates

Fheart is controveranl By the injer
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o artery lled with the mxmtm(\ﬁx:g

fen of normal human he:
€ interartenial commumeations of th et o found to
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crited vans empty ing tear its mouth constitutes the m tjor super
henl draumage svstem of the left heart  In the right heart, the small
vanows branches merge to form the anterior eardiae yes, wnitom
walls the lesser of the superfiennl venous systoms ® These e sllus
trated m fiure 10 They constitute severil good sized senotis
trunhs which lie buned in the subepicardial f4t oceupying the sulous
between the nght wricle and nght ventride and each genertlly
cmpties separitely and directh wto the night sunicle 2 few mdk
meters superior to the ventriculir border of the tricuspid valve
(Dig 11)  Other smller veins are myvaribly present  The antertor
cardue veins, although described by Grant,® have been virtually
ignored by phystologists  The blood supph to the vessels of the
he wrt 1s considered 1 Chapter 8

D Collateral Channels —The collateral chnnels of the artery
capillary van system of the heart wre numerous and compley and
mclude arterio liminal vessels arterto sinusordal vessels Thebestan
vemns, and antra- ind extra-cardine anastomoses of rtertes vems
and capillaries  These are shown schem stically mn figure 12

Communieations between the coromiry arteries and the eardic
chambers were first demonstrited mn 1706 by Vieussens ® Trom m-
jections of the coronary artertes with cellowdin too thich to pass
through eapiilartes, then digesting off the myoeardimam and making
wax reconstructions from senal sections of such vessel casts two
1y pes of 3 essel were found connecting the coronars arteries with the
atnial and ventricular canities I ach starts as an arteriole artsing
from 2 small coronary arteral branch  The one type {artero Jumy
nal vessel) loses its artersolar structure 1s 1t approaches the lumen
of the heart The other and more numerous ty pe (Arterio-sinusordal
sessel) gradually loses 1ts artersal character while still deep n the
myocardium and breahs up mto large, nregubir channels or simple
endothelial tubes resembling the capiflarnies i structure #

Thebesin vemns are collateraf chrinnels betwecn the distaf ends of
capillaries or coroniry vems and the heart chambers  They were
first described by Thebesius # and thetr presence and frequency were
confirmed by mant myestigators ¥ 20 Lhev are morc numerous in
the night ventricle than m the left

In addition there are numerous anastomotic channels connecting
the coronary vems of auricles and ventricles with esch other with
Thebesian channels and with extracardine vems drammg mnto the
supertor and mfertor ventcnat

Mot much l1s been written thout the annstomoses of brainches of
the coronar arteres with ves els outside the heart since von Hallert?
first mentioned therm By njections into the coronry arterics,
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ameter 14 Morc recentls, myection of griduated ghss spheres and
radioctive red cells into the coronary arteries of normal human
hearts mdieates that the largest mtercoronary artery communes
tions ringe from 70 to 180 miera (approsimately the divmeter of
arterioles) and some of these can be seen visually 1 the normal
heart# Using simibwr methods, Thebesian, arteriodumintl  wd
arterto simusord ol channels were found to range from 70 to 220 micr
and arterior enous channely from 70 to 170 muery  The size of the ¢
communications in the two ventricles 15 about the stme ® Obvious
h, these obsers ations do not necessartls mdicate the size of the
communications during fe 1 bhese mtra- and extricardial commum
cations (llustrited schematiealls i figure 12) while small are
numerous and collectn els make an anvstomotie channed of consid
erable diameter Viath approprnte stimuh, both arter and venous
anastomoses m become greath enlarged ! 7 4 5 ®
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Chapter 3

APERDMENT AL APPROAC UFS TO THT CORO
NARY  CIRCUT ATION PRI PARVIIONS
CARDIAC PRESSURIS NI THIIR
DETERMIN ATIONS

Ty, solution of problems deahmg wath the corosan Grculation
depends upon the development of adequate preprations and meth
od and the overcomung of nstrumental difficulties Such con ider
ation should reseal in part the proper basis for 1he imterpretition
of past and futurs studies of the coronn s1stem

PREPARATIONS

Yuch information has been gamed from experimental prepurt
tioms m which the coronary Grculation bas been studied wath the
feart 1n anous degrees of teparation frow the veut of the anumat
These preparstions wnclude the heart lang. the ol wed heart with or
witheut 2 arpfosal bung ard the fbrifltting heart  In almost all
phases of modern cardiae Teseareh at lewt the mstvdd espernents
were performed uvng one of these preparitions  nd most of the
concepts thus establibed stand today

The u e of the wolated perfused heart by Longendorf* n 189,
and by Portertt in 1896 1nd the groundwork for our vadentanding
of the fundamentals of the coronary wreulston  Onzmalkh the
beart Was swspended and the cotonary artenes perfused under com
stant temperature and pressure with oo genated siline through 1
canouls s the gorta whieh was directend toward the aortie vatues
Tatsl venous seturn was measured by overflon from the rit atnum
wd ventricle  Wath this proceduze studies have been mide not
aaly m anunal beasts but al 0 m humwn fearts b hountz et
al®7 To ghytate the effects of cardiad comtriction and thus
reduce the number of uncontrolied varables the perfu ed quiescent
or artested heart was used bt Waggers™ 1 1909 and more recenthy
the fibeitlatig, beast by, btz Wematem and Sochrm®™ i 1% In
:h::‘\:::;ein; ;;vle:emzzt\(: \g\xz ;;omnar\ ;;nmes were perinsed under

The deselopment of the hcare\?::\“m | Dot norte presire

% preparation by Starhing * ang

1}\\:;:\\3: m 1912 and s suhsequent use Iy

a2

Anrept Visscher v
and Gollwatzer \eter # has probably contnbuted mare to

137)
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corgnary sinus flon {times ¢ h;tnr). and the oxigen wrteniovenas
s the cormrury blood
d\(z.:\‘;re\:\:ﬂl the expermmentat findungs with the ¢ prepasations hine
heen considered signific nt and apphe Wble to the norml hetrt heat
ing tn sifn The chuef ads wtage 1n wng such preparations 13 that
the several vartables such as perpheral reststance, arteril and ve-
nous pressite nd cardine putput an be mote ey controlled andt
the caranrs flow more eassdy mesured but the part each phnsm
{he wtact ammal 1~ unknown It 1s qustfinble to determue by this
metns what e happen with the hope of witsmately lesrnang more
about s 1t Soes happen 1n the imtact ammal
Thggers® w 1012 was one of the first to use the hewrt beating
st the anesthetized dog with open chest and sn which the coro-
nary sessels were maturally perfused from the norta using some of
the devices and methods to be desenbed 1 subnequent chapters
This should be a closer approximation to the normal smmal myoly~
g a lesser msult to the ammal s own nervous metabolic and eards
odvaame mechwntams  ‘The use of this controlled preparation to-
gether with the closedchest anesthetized dog has been largehy
expanded by assoctites and pupiis of Naggers  “ome of these studses
presumably mdieste with rersonable exactness changes shich oreur
i the normal amsmal  Exen=o these preparations cannat be segand
ed as normal and the observations can be accorded only 2 lumted
witerpretation
While vone of these preparations 1s regarded as entirelt adequate
{or studsing the heart and coronars exrculrtion still 1t 15 informatine
tomdicate the comparative findings  In most wstances the findings
are smslar m the heart lung preparation and n the heart heating
2 aitw These are considered m detail 1 subsequent chapters hut
:::\‘ ‘n:\bneﬂw wibepted here  The findings 1 the tno freparitions
wlar i that left coronarsy mow draws by the coronary simus
wost drugs have 4 simlar action on coronany flas s nerense m
coronary perfusing pressure stimulation of svmpathetic hers o the
:‘:‘:‘Y;‘ :5&‘1\':\2 ‘s;\:nd and 1scherna all merease left coronary wilow,
tation dep( :‘ewtelﬂ;:mle coronars sinus occlusiont and vagus
<t and n\lgmen; “gvm;mn mflon whife svstole of the left
Crexse comonns s mnﬂn\-o ;llght or left sentricular pressure
the beart luag Prevarmonm oweser @ portion of the work wath
" vy have onls a lumited sigmBeagce for
i some i tances the findings ave not compurable Wi
o studies with the heart beating 1 sutu (];:: contours ::ldl‘i) rl;p:u'en;
af
‘(:‘e I(’;i:s:.:v:: es ar: different the 1 alume of caronam mﬂo: E:r:l
gen AV difference nre genernlly greater winle the
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our knowledge of the heart and coronary creculition than any other
preparation or experimental approach  In this prepiration the
lungs wd hewt e removed without mterruption of the blood
supply, the blood 15 defibrinxted or an inticongel nt added nd the
systemie crreulation 1s repliced by an artifient resstance sheh ¢
be varted 1t will, thus g1ving 2 wide ringe of arteriil pressure  \fter
passing this resistance blood enters = reseryorr from which it returns
to the right atrium 1t a rite controlled by wi adjustable screw elunp
s0 that the venous return to the night ventricle 1s controlled  The
pulmonary crrculation 15 not mterrupted and arterrthzation of the
blood 1~ accomplished by the lungs, or the blood mas be pused
through v spectiily devised oxs genation apparatus * To more ner
1y approximate the normal physiclogteal environment, the heart and
lungs are removed 1 such a way that the cerebral esrculation re~
mains connected to the heart, and the v agal and sympathetic nerves
of the heart remun mtact ¥ Thas heart rate venous return
cardiac output, tortic and pulmonary artery resistances atrrd pres
sures, temperature, and the chemicl composition of the blood en
be separately altered and controlled

Larlv n this work, Moriwitz and 7«hn* developed a cannula for
msertion wmto the coronarv sinus w11 the nght atnum  The flow
through it was presumed to quantitate total venous return from the
vessels of the heart  This investigation was important beciuse 1t
enabled the expertmenter to studv coronars flow with the beating
heart in sifu as well as 1n the 1solated heart prepiration  Howeuer,
experimental work soon showed that the coronary blood druned by
this channel represented ony 2 fraction of the total coronar yenous
outflon  The reliability of the use of the method, therefore, depends
upon the constaney of the fraction draned through the coromrs
sinus  Starhing and Jus associates'® % emplos ed the exmmuls to mess
ure coronary venous outflow and assumed that it represented 1rela
tively constant fraction of coronary nflow  Somewhat later nrep
and his assocrates® n 1926, Ktz  and others cmnulated both coro
nary arteries, suppled them with blood under a constant perfuston
pressure and mesured coroniry inflow under a great vanety of
dvoamie conditions

Tor studies of the metabohsm nd work of the heart, the heart-
lung preparition was early used  The metabolism was originaily
measured by attachmng to the trachen a metabolm outfit which
qu'mmated the oxygen comumption  To elminte the mctabolic
effects of the lungs, the heart was connected to an artifiert hung In
Taans® m 1934 The Starhug group also caleulted salues for the
Tevel of cardie mettbalism 2nd work from measurements of the
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cardiac output, metabolism, work and efficiency are considerably
less  In addition, m the heart-lung preparation, a considerible por
tion of right coronars mnfiow drams by the coronary sinus while with
the hert beating i sifu, very little apparently lewses by this chan
nel  Most of right coronary inflow druns by the anterior ¢ trdie
sens with the heart m sift while m the heart lung preparition,
this h1s not been demonstrated Tinally elevation of left or night
ventriculir pressure does not generalh inereise coronary mflow m
the heart lung preparition but does so with the heirt beating
s

Ihe ultimate objective 15 the quantitative meisurement from
moment to moment of the indicated actnnisties of the coronary eir
culition and heart, and the study of the v wrious determinants in the
norm, unanesthetized animal and humwn subject Tinal judg
ment as to the validity of many of these accepted conclusions bised
on the aforementioned preparations, must 1wt extensive remnsestt
gation  which utihization 1 made of the heart beting w st m its
normal environment  Although exploratory and preluminary studies
are reported in which some of the laboratory methods and procedures
are bemg applied to unanesthetized dogs and human subjects as vet
they have not been suffictenthy cheched so that their ultimate value
for the determmation of corannry pressures and flow cardiac metab
olism output, work, mnd efficiency 1n such 2 situation 1s not known

PULSATILE CARDIAC PRESSURES

Information concerntng the moment to moment changes 1 pres
sures withm the coronary vessls cardine chambers, and myocwrdial
wall> 15 vital for the mterpretation of the essential mechamsms by
whuch the coroniry flow 1s altered and the myocardum nourished
sice thev are the dommant factors m determiming coronars flow,
work ind metahohsm  Aecordingly, approprinte meins for thewr
determnation are considered mn some detatl

Manometers Used and a Consid of Thewr Ad -
Most of our fundamentil hnowledge concerning cardic pressures
has been obtamed with the use of the early optical membrne mn
nometers devised by I rank! and Wiggers 5 Since thesc orgmal glass
optical manometers with rubber membranes were devised others
have been developed to provide greater fleabilits m use and gretter
instrumental frequency without sacrifice of sensitivity #°8 Tach
has 1dvantiges nd disdvantages The Hanulton manometer uses
2 metd membrane md long lead tube to attan a Ingh frequency
but ts murror and hight benm are adjusted with difficnlts  The
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that ¢ frequeney of 100 to 12> per second 1 wdequite \:; rt-mr;\
acrurately @ preswe tane from ths cavity m the mw‘; hetizer g
ugenchest thy,  The rgutite manometne frequences e nal
freen determmned for the ather artiac regions o Sor the left venterle
with the et the upmedhetned sae

To additicn to fow wstrumental frequencs histeress mas cahe
fa T ¢ of the fJst beam to follow aecurarely the presur changes
This 11 <8 be toL the membrang or in the matenal wed to povnt e
arsor on the mewbrane and 15 generalh v ouled through making
qute smAll the pomt of contact betseen Yhe membrape b mirer
By teserting betneen the twd surfices 1 vers fhin shory pedesta)
whieh  monnted vth 4 ngd coment which adberes ne® ta hath

One of the hest optiead ss stems for recorbing purpess 33 that de
signed by Tlamifton * wnd with the modifiertions ndcated 15 ses)
1 the atthor s loborators (B3 11 Light from the Blaments of 5
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tion, and by optunal placement of the pedestil on the membrane

The aceursey with wineh v manometer tndicites the pressurc
fluctuntions and the phisic relations of pressure 1 de pendent on the
naturl frequency of the manometcr enscmble  In practice this s
determimned by recordmy, the membrine oseillations which occur
when 2 pressure applied to the membrane 15 suddenls released  This
1s expressed by \ = A hich N s the number of double oscilltions
per second recorded and 1 1s the duration of : double vibration

the naturtd frequency (N) of ¥ manometer system m evcles per
second 1s dependent on controllable 1 ariibles and can be ealeulated
from the volume elwstiests (3) and the effective miss (M) of the
svstem, thus

(- L JE
T 2x VAL

The volume-clasticty or the ratwo of pressure wmcrease te volume

(AD)

mere.e oY) 15 determmed by the pressure required to mose 2 umt
volume of fluid mto the mwometer svstem  The cflective mass 15
2 metsure of the iertiy of the svstem and varies directh wath the
length of the manometer tubes, and nver<ely 15 thewr mean cross-
section i are

From the preceding 1t 15 apparent that the best manometer is the
oue with the low est effectin e mass and the greatest volume-elsticity
The former 15 attuned by using the shortest and widest hiquud
column and the Iitter by use of the most rigid membrane by use of
non-distensible matertil for the munometer wall and the elmnn
tion of bubbles from the mnometer «ystem  The m mometer used
1s generilly 1 compromise betneen mraimum sensitn sty and mnt
mum curve distortion dlowable for a grven pressure recording The
actual senutiviats s determmed by the magnitude of the pre sure
varation to be recorded In generu the senmsttivity 1 greatest for
the pressure curies from the coronary vemns nd ity least for the
cures from the aorta, left ventricle ind myocwdnl wall, and inter
mediate for curves from the pulmonary artery and right ventricle
The necessars manome tric frequency for pressure recording will v 1
w1th the differcnt regions from which the pressure 15 recorded  The
oreticil and practieal tests have demonstrated thit a mmometer has
4 suffictent frequencs when the ratio of its patural frequency to
that of the shortest frequency component which cnters mto the
pressure variition to be recorded 15 four to five By hirmomi
nalysts of 1 left ventriculir pressure curse 1t hiis been estabhshed
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pich up end of the manometer, and by mmmn('\r: E‘“:(‘:: :\\;r:’:l'(
Yete peclusiom of $he s inometer opening The mnom :

! wch up end togethes with the mtervemng lead tube
m:}n\::t‘;:eﬁ:tvbe n:\dl\ ficed to avond gross deformation of the
€0l
pressure CUIVE Cardiac moyements are espeenity apt \\l\taﬂrv: \!‘:
pre< ure cune at thowe penods of rapd ehnges wn pres uee ; -
the bemanimg, of contriction the beemuing of ejection and 4 "
begnnmg of filing of the heart 1 tiastole  These appear o8 yags or
+sbrations on the ascending and/or descending Yimbs of the pressurt
curve  Despite 1l precautions 1t 15 often wnpos hie 1o obtm tech
el perfect Tecords m hewrts w4 good dinimue state Beew ¢
of thesr extreme importance n relation to the coronin crculation
the expcpsmental approiches and techmques used the entens of
normal curves obtamed from the sanou  Cardiac regons and the
mduated normal curves are rensidered

ar the registrition of nortic pressure in the morphinzed dosed
chiest dog the manometer trocar 1 thrust down 4 cirotid arters nto
the aortic ich  In the open-che t dog the .ame approach may b
wsed or the trocir mav be meerted through the brachoo phahe
artery  [aftntranentrical w pressure 15 recorded most < wndactantts
bv thrsting & trocar or needle sttarhed to a recording m thometcr
directh through the ventocular * U In the open~chest 1!
this approach offers no gret difficulties With care the needle c1n
ale be 1w erted through the clo ed thest wto the left sentnaalar
cavts  Tiosever the dinger of punctuning a coroniry sesse} within
the closed chest 15 alsavs pre ent  This can he avorded by & pre-
viots aperytion i which the left apex 1s sutnred to the chest wall 2

At least t%0 v1ens flave been held concerning the normal relation
~hip between Jeft ventneular and aartic preseure curyves s ropards
contour and ordmate s due  The ane sponsored by Wi, 0o an
the baw of expenment, on anesthetized dogs with open chiest and
subsenbed to by most mvesugators holds that the s stolic porttans
of bath comes are prratlel and hrve essentially the same ordmate
vafues whereas the other sponsored by Hamilton wnd teacites ®

mimtass on theoreticl and experimental wark with unanesthe tized
dogs that shanng syatale the ap

resd imtrn entreatar pres ure must
stef does exceed the tartic to weure that Blood will fow from the
ventpele 10 the worts Faid e to+ btun eun es show g such prew.
<ure differcnces {indicwtmg Jon or sero eloity m the veatriculae
e and high veloity m the a0et) i nserbed G sattous fictors
which tend to reduce the hinet e 6 ogr and hence rmmze the ex
s ventricular pressure these mchsde reduction of cardiac ontput
through snesthesia ang surgical shouk und connection of the mrn
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Some of the disads antages of the mech inten] optical manometers
can be overcome by deetnel trinslition m which the membrine,
lend tube, cannula, or by podermic needle connection to the pressurc
source 15 guterils retuned and an electrical syvstem 13 placed be-
tween the membrane and the recordmg svstem  Thas has been ac
complished by different investigitors m the followmg wass (f) Re-
turung the mirror membrwe and hwing the mirror hight actis ite
1 photocell ¥ (2) chimmating the murror and rdflecting the hubt dr
rectly from the polished diiphrigm surfice mto 2 photocell ?* (3)
mersuriny, the change i ressstance m 1 magnetic field of bismuth
coils on the diphragm, 7 (4) Wowmg the diphrigm to wt o the
men wble plate of n deetricad ¢ yprestanes nd me surng the v un
tions 1n capacity by means of 2 radio frequency ercurt #4 % (5)
having the moving ditphragm induce voltage changes m a Rochelle
st ervstal which s conneeted to 1t 4 (6) elimmation of the mem
brwe and havmng the pressure i the manometer tube actn ate 4
strun gwge * (7) having the pressure within the mamometer tube
alter the magnetic reluctance between two cors by movmg a mem
brane hetween them and thus creating an electrieal imbalance of 1
bridge # ¥

I these 1 wrsous electrie d systeams after suitable amphheation the
pressure chnnges ms be mdicited by an optially recording gabva
nometer ostifloscope, or mh-rccorder It 1s not belicved thit wiv of
the e devices has as vet been erttic iy tested for ats hility to ac
curately record pressure ehanges m ¢ tics md vessels of the heart
While mny of these devices muy futhfully follew the correet pres-
sures s indierted by comparson with direct recorders therr com
plenity and cost hive thus fir pravented thar wide usage

Techmeal Aspects of Cardiac Pressure Curves and Therr Regis
tration —The fact that a recording mavomecter hns an ndeguate
frequenes and sensitivity does not msure that the pressure records
obtaned with it e free of artefrcts  In the evalu ition of pressurc
curves especially those from the cnvitus walls and vessels of i
heart seemumngly trnviil wartations i techmque em case hirge
changes m the chiracter of the record produced  In use the ma
nometer mas be attached to @ cannult needle or catheter which
by lowerg tts volume elastic cocthictent or meresmg i effectise
mass, destroys its efficiency or 1t may be pliwed m an most m
possible dpune situation which only by extreme care and m
expenenced, expert hinds ean techmierlh good curves be obtuned
Artefacts are generlly mtroduced mto the pressure curves through
mechanical 1mpact or movement of the cxaty musele or vessd
from which the pressure 1 recorded by movement of the pressure
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cannul or needle 1 the ventricular cavity Howaver left (;v{]t‘m‘-
ular pressure cur\es considerably 1 exeesy of the mm;c‘ 1&;\ q : (::
1ng 2) 010 contour UINE S stole ean be obtawned readily by mf
g the ventriculae needle o that fuid under pressure entenng qmm
the manometer tuny through it vers <lowly, or not at all - Such
opedance must arie from parts AL or complete occlusion of the open
g duting systole  Such curves are beliced to represent techment
artefacts And not true Pres vre samtions su the ventriele
Consderable contros ersy has arven and shill continues concerning
the contour of the sortic and left ventmcular pressure curies
which best represents the normal hemodynamie state Trom the
eamination of 2 great mny records obtuned in hghthy morphmized
dogs and n tramed umanesthetized basal dogs which the left
ventrular apex was satured to the chest wall the record in figure 1>
(left) was selected as best portraving the normal type of pressure
cumve n aorta and feft ventricle  “ince these pressures are some
what higher than those 1 a bisal dog the ¥eft ventricular pressare
curve n figure 1o (mght) s weluded  In the latter the dog was
truned and unanesthetized the carotid pressure {not shown her¢}
w1s tahen from a \ an Leer um loop and the ventricular pressure by
needle nserted mto the ventncte which had breen previonsly sutured
to the chest wall  The dotmgunbing feature m figure 15 13 that
the entneular curve (and the aortic) have a shaeply mang platean
durmg sustolie epection - Curves with 4 smoothls rounded and arch
ed s\stohe summit such as described by Wagpers® v normal for the
optn-thest dog are etsth god often obtained 1 that prepiration and
actualh were recorded 1 the experiments of Sgure Yo Tollowing
general auesthesa and openng of the chest  However such cumves
are belteved to reprecent a somewhat hvpodivamic state m which
the vigor of left ventnieular contraction the eardiw output and
degree of aartie Slhing are 2}l somew hat reduced
(\1‘;:;‘5?;;1 rh:l: xtl:gnan art@r!\ has been taken 1 the anesthe-
conus arteriosis mt‘}\ ﬁm)ha Vz“““ﬁ-‘ erted dunectle thiough the
sl 1serted 1t & pub 0% by 2 ke piirse stnng suture by a can
e In the unayi:th:(n Py aners raach o by seedle pune
ted a5 anesthetized state pulmonats
artery pressute has been tahen through = catheter wserted to it
v the anterubutalt of ugidar s e ¥ or by needie ¢ mto )
the chest nal} puncture through
all the needle bewng gwded W 3 Londan ¢ wnula placed
at 2 previou operation and eonnecting the pub e P
chest wall T a puimonary arters and
For night ventrieolar pressure recard; b
pproaches as for the left ventricle W the sume
Wwen e~ Taaddition presures
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ventricular manometer to the upper portion of the ventncle 2 region
m which the blood has nearly attained the nortic velocity

In figure 15 (left) are shown comparatinve records of left ntra
ventricular pressure ind qortic pressure from the author s collection
tihen in the morphinized dog  The left v entricle was entered later
ally by 2 20 gage needle, and the arternil pressure was obtamed
from the aorta by mews of a long trocr pushed down the crotid
artery (after its exposure under procame) to the nortic valves  The
manometers differ onlv shghth m sensitivits A normal sinus ar
ryvthmin 1s present with the heart rite varving from forty to eighty
per mmute During dinstole the ventricular pressure rises shighth
to rewch lo mm Hg jJust before atmal svstole at A It mises
steeph durmg the ventricular 1sometric contraction period (C D),

aonTic pRESS
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Tic 15 —Records of gortic pressure and left intrayentriculr pre ure
tahen from a morphimzed dog (left) and a trumed unanesthetized dog
(nht}  In the latter the left ventricular apes had been sutured to the
chest wall 1n a previous operation  Vertical intercepts denote A4 on ct of
1trnil contraction € beginning of tventricular 1sometric contraction D
opening of 1ortic valves E onset of protodnistole F elo ure of nortie
valies  Time 002 <ec

and then more graduilh but stll quite rpdh nd smoothhy
throughout the duration of sistole to reich 4 peak of 166 mm Hy
just before protodinstole 1t F Tlus 1s followed by 2 pertod of ripd
pressure drop dunng protodinstole (F ) and the 1ometrie relva

tion period  The aortic curve parillels very closely that of the ven

trcle while the aortic salves are open with svstolic ind diastolic
pressures of 168 and 108 mm Mg (Lhe differcnce of 4 mm Hg
between the two svstolic pressures 15 regarded as pprovumating
the upper ringe of expermmental error )} Such 1 relationshup of con

tour and ordmate values has been found to hold regardless of the
condition of the circulation ? wnd irrespecti e of the location of the



E\PERIMENT L APPROACHLS 37

cannula or needle mn the ventnenlwr canits However feft ;ﬂl\‘ﬂ":
ular preseure cumves conmderabls i excess of the mm;cl ﬂ;“ d Len
tug aho 11 contour during sv stole can be obtamned readis by m(
g the ventncular needle so that fload under pressure en(cr‘\l“g ;‘“{‘
the manometer Tuns through it ver dowlv or not at A uch
smpedance raust e from partial or complete oceluston of thelnptn‘
g, dunng systole  buch curves are helieved to represent techmea
artefacts and not true pre sure sanations m the \ entricte

Connderable controvers hisan en and still continues concerning
the contour of the aortic and left ventneulr pressure cunes
which best represents the normal, hemodsnami state  1rom the
examiation of 4 great many records obtuned in hghths morphinszed
dogs and n traed unanesthetized basal dogs which the lkft
\entneular apet § as sutured to the chest wall the record in figure 1o
(eft) was selected as best portraving the normal tvpe of pressure
curie w aorta and left ventuicle  Since these previures e wmes
what higher than those 1n 2 basal dog the left s entricular pres ure
eurve m frure 15 {night) i neluded  In the Jatter the dog way
tramed and unavesthetized the carotid pressure (not shonn heee)
was tahen from 2 Van Leersum Joop and the s entricular pressure by
nieedle inserted into the ventricdle nhick had been presiousty sutured
to the chest wall  The distingm tung feature 1 Bgure 15 13 that
the ventriculas curve (and the aortie) have a sharpls nising platesn
during svstolie ejection  Curves with a smoothis rounded and arch
ed systohe summit such as described 1y Wiggers™ 2s narmal for the
ogen-chest dog are easth and often obtained 1n that preparation and
actually were recorded m the expenments of figure 1> following
general anesthessa and opeming of the chest  Howrver such curves
are hehieved 10 represent a somenhat hvpodvramie state n which
the vigor of left ventronlar contrrction the crdnie owiput and
degree of gortic flling are all somew hat reduced

Pressure n the palmonars artery has been taken 1 the westhe
tmlz:gs :i‘:‘:-c\\ﬂt s&";\; D a cannuly taserted direeth through the
e lme;:;\:;t‘:a :i'll:o: bx o fine purse-strmng suture G o can
wres In the un \:mh:n:::i aner branch or
artery e sure has beeg, b (:' anesthetized o
i the antecubntalt or :; o r‘:u th 8 cuthete
the chest el H e931 ;g\; ar vein 2% ar by peedle puncture through
2 previous operati ‘ r:.;mg muded s London cwnnula placed
chest wal) 72 ::pFﬂr ';:‘ }?:! connecting the pulmenary arters 4nd
approaches as for the lzafc \\mtr\cn{a, pressure reeording the same

entrile are w ed In ~wdditan presaares

I needle punc
tate pulmonary
T mserted into 1t
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ventricular manometer to the upper portion of the ventricle 4 region
m which the blood has nerly attaned the aortic v elocity

In figure 15 (left) are shown comparatise records of left mtra
ventricular pressure wnd aortic pressure from the wthor s collection
tihen n the morphimzed dog  The left v entnicle w15 entered Inter
ally by 2 20-gauge needle and the arteral pressure w 1s obtuned
from the 1orta by means of 1 long trocar pushed down the carotid
arters (after its exposure under procame) to the aortic vilves  The
manometers differ onlv shightly m sensittvity  \ norm1l sinus ar
rvthmi 1s present with the heart rate varving from forty to eighty
per minute  During drastole, the ventricular pressure rimes shghtl
to rexch 15 mm IHg just before tral sistole at 4 It mees
steepls during the ventricular 1sometrie contriction period (C D),

aoaTic PrEsy

Tie 15 —Records of aortic pressure and lft intraventricuhr pre sure
taken from o morphmmzed dog (left) and a truned unane thetized dog
(nght) In the latter the left ventricular apex had been sutured to the
chest wall m a previous operation  Verticil intercepts denote 1 on et of
atri] contraction € begmnmg of ventricular 1ometric contraction D
opemng of ~ortic valves E on.ct of protodiistole F closure of aortic
valies Time 002<ec

and then morc gradunlly but still quite rapidls and smoothly
throughout the duration of svstole to rexch 1 peah of 160 mm Hg
just before protodiastole at F This 15 followed by 1 pestod of rapid
pressure drop durmg protodiastole (F-I') and the iometric relaxi

tion period  The nortie curve parallels very closelv that of the ven

tricle while the 1ortic valves are open with syvstolic and dinstolic
pressures of 168 and 103 mm g (Ihe difference of 4 mm Hg
between the two svstolic pressures 15 regarded s approumating
the upper ringe of expenmental error ) Such 1 rdditionship of con

tour and ordmate yvalues has becn found to hold regardless of the
condttion of the arculation * wnd irrespectis e of the location of the
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chest dog Frem wth the u e of hirge wfusions of l\lm;l or \(\l\ﬂ(l‘
pulmonary aters constriction lewdwg to an eley tton of the systol ‘t
pressure i the nght v entricl to 80 mm T the contours da no!
<o 4 1w plate w dunng systohie ejection but rem un silar to
thowe 1 the curves shown here Presumably s dicates that
the penpheral reststance 1 the pulmonar arters and ws cnm\x‘\m\:
\s quite <ol as compred to that i the norta and its sascular bed

Other pitterns of the nght sentneubir pres ure pub e have been
obtmned A example of the most common of thest ¥ the triong
w fipure 16 (upper ght) tiken m the author Taboratory from a
noraal unanesthetized dog with m adequate needle membrine
manometer svstem s compired to the other nght suntnenbr
curse 1w figure 16 the dechmng pre ure preapitonsiy drops to
salnes less than zero exrly in distole and just after the openng of
the tricnspid vahies  Curves of ths 19 have abo been obitaned w
the open-chest dog by Ratz * uang the Wiggers manomdter and
0 the night ventriele of human subjects ¢ in whach the presaied was
talen through 1 eutheter attached 1o » Hamulton minemter By
it elf this deseent of the decliung pressurc cunve to values helow
zero mdicates thit the nght ventricle exerts a suction achion n
theor finst propoced by Goltz and Gaule in 1878 * and subsguensh
adhered to by many phaaiologists  However the fact that m the
dog this tvpe of nght entnicular pressure curve 1n he tasih con
serted ta that m the lower kit figure 16 by adgustanent of the
needie or eanmult and that night ventrionlar curses obtuned by
cetstricular puncture through the chest wall m humans display no
such abnormality * 1s strong evidence that this postion of the Pres
sure cutve 1 an arefact

Although the artefact just described ¢ occur with the 1 e of &
needle ot trorar attathed to an adcquate Pressit, anameter Qs
well a3 with the use of & catheter the we of the latter tube in avso-
ton with an slequate manometer offcrs the possibility of ntro-
“"'\’:}’l’e’i:mﬁlln }:;“:wa"cl; ansing from the free moveraent of the
latter often hf\c N km’ ol ‘“" pressute curves reconded through the
wending il o i som (\ tformations of their a cending and 2
needie mnnecm\(::“a’::r::\ o ventrieular presure secorded tiraush
of the tnnomtercathety r“‘luate mwometer By cniticd d umpang
of the pressure ¢t e ot sistem the ordinate valnes and contour
foumd obtuned from the right ventricle hawe been

ek to compare tasorably with thas i A
manometcr needle ot trocar « s Ln: imultrncously then wath
merels sulatitutes g < <dem® flonever such dampmg,

error for anoth
time Ing 1 theveby, ynduced e for now a comsiderble
1
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ma be t1hen from the right ventricle by a catheter or plastic tube
mserted into 1t 111 the antecubital vein under fluoroscopy ¢
Techniealls adequate tracngs of pressure varations within the
pulmonary artery and nght ventricular vty are not too difficult
to obtain mn the open-chest dog or i the normal unanesthetized dog
or human subject  T'igure 16 illustrates the pattern of curves that
has almost mvanabls been obtuned m the author’s Inborators m
the truned unanesthetized dog by direct needle puncture In the
lower (right ventricular) curve the tracing starts as a small hump
representing atril systole  The curve then nises steeph ind without
mterruption to 2 rounded svstolic summit  The curs e then descends
smoothly m curly diastole to approximate 4 zero pressure level, and

21 A, o o
= c
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Fic 16 —Pressure curves from the pulmonary artery and night ventnele
of tramed unanesthetized dogs by direct needle puncture Upper left
pulmonary artery curve  Lower right ventricuhwreurse  Upper right nght
ventricular curve showing erly diastolic artefnet  Vertteal intercepts and
letters same asn figure 1>

then rises slowhy thronghout the remander of dinstole  In the upper
left (pulmonary arters) curve taken 1n 2 second un mesthetized dog
by 2 ncedle inserted through the chest into the pulmonary artery
just bevond the pulmonary valves the tricing also his @ smoothly
wrched appearnce during systolic ejection following which the di

crotic lunb falls considerably to the mewsurn  After 1 short rise n
earls distole the curve gradually declines throughout the remamder
of diwstole  \s compared sith curyes recorded from the left side of
the heart 1n figure 15 the curves do not hve 2 nising plitew during
systole but rither hue 2 rounded summiut or 1t times declimng
phteau  As i the left howt the pulmonary artery curve durmg
svstolie ejection faithfully follows 1ts intrw entricular pressure curse

Lhese curves are generally similar as regirds relatne contour to
those obtamed by Wiggers” and others m the westhctized opon
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rected to % trovar oy eatheter theu ¢ mto 3t by woy of 2 cl‘mlld
arters ¥ The pressure 1 either nght or left atnum mas al ;ﬂ (“‘
piched up in the open-chest ammol through o cannult w erted i ::
1t by way of the azvgos vein or 4 branch of the pulmonaey <o
{nels
B {’:‘c‘“m"mw curve tahen from the left strum t the anesthe-
11 €d open-chest dog1sin figure 17 Dunng atnd systole arounded
or somewhat peahed posthi e pressute $ne B s mvanably present
Stral contraction 15 essentially over at powt € which agnabs the
onset of ventncular contraction  Durmg ventrienlar contrietion
and up to the time of opening of the trien pid sabies shorth fterd
the atrial pressure s nfues and pattern ave grosshy altered by artefacts
The e canst t of 4 spthe 1t the nometnie contriction period of the
nght ventmicle 4 marked reduction s tnal pressurc throughout
roost of ventriewlar contrichion oceastoned by 4 downw ard moves
went of the base of the heirt and oseallations 1t D and L associated
with the first and second heart <ounds  Although the curve 18 de-
formed bt artefacts still dvnamic tyents can be interpreted so long
asthecurseat the B € and F powts which correspond to the peak
of atrial svstole onset of ventmcular contraction and beginnmng of
entnealar filling respectvely are well defined  Howeser 3t <honld
also be obvions that 1f 1n the presence of such artefacts mean atn )
Pressutes are recortfed uoder dufferent dvbamic circumstances the
+lues may be considerably in error as regards magmtude and they
a2 0eN ¥ Y to mdicate esen directional chinges in pressure unless
the actust level of pressute 13 altered greatly
The contour of the right atrial pressure pulses fundamentalhy the
sme 2s the left showing the same waves but the wavcs m the nght
atrum are generaliv smatler v amplitude (See also Yig 17}
m:’h; ‘;;ie;su:t;’ pul e rcv.‘l;}ded {rom  coronary Axtery 13 eeentilly
e Thz . :\z\ xgcgw fmm‘the aorta Just bevend the nortic
asrtse prevsure “‘“Q“Qi‘“w » that qust prior to the elevation of
pressie generalls wecu r:!:\‘ﬁz\';a:\n:w;m\-\mn of centra) coraniny
nary vewel  This nas fist shown I;: s\\ :;i?r::::egpﬁphﬁnl m‘;m.
A tvpial sxamnple from the author s cotlect NN
demonet ection 15 n figure 18 This
nomstrates that the farge superfieral branckes of the coronsn
artenies are ¢k tended dune,, s stode as are ather artert
vegtes the ea onginally advanced by Stroem 17()-“": ‘;“i
toronary onfices are necluded b the <enns tunar Sl 7 that the
The pressire pulve 1 2 rorengry arters Ar i;]’“ urng = tole
M(}\N‘m of the arters has becn used 15 an mly:'( ‘:{ tehr: }ctoclnni!m il af
eraf reststance 1n the eoranary bed and of the Sunctionmng 0‘;2:{;_
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Pressure pulses from the atria, and espeenlis the nght atnum
are of particular importance mn relation to the coronar circulation
for almost all the blood returning from the coronary 1essels m the
atrial and ventricular muscles drauns mto the nght atrum  Fx
pernnentalls, the pressure in the right vtrium m the normal or anes
thetized state 15 determined by connecting an adequate manometer
to 2 plastic tube 5¢ trocar,® (or 4 catheter?) nserted nto the atrl
cauty vy the jugular or antecubital vein  In the anesthetized
wmal, the left atrial pressure 15 determined by a manometer con
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four to six heartbeats until the pressure reaches n equilibrism 3
typreal record taken from the descendens hirwneh of the Teft corun iy
aniers after equilibrum had heen established 15 illustrated in ﬁguln
b (uppernght) s compared to the aortie pres ute aimult eously
recorded the peripheral cotonars pressure at approum tely the on
<et of the 1sometric contrachion penod starts ta v e sJowly at fint
(() then more brusquehr (¢ D) This 11 e continues more gradu
alls mto the periexd occupied by the e of the nortic pre~sure then
‘mounts as a gradually 11 mgpiatean toalmo t the endofar tole (1)
Durwg protodiastole (E-F) the cunve starts to dechpe 2t firt
rapdly and then more slow s during the sometnie relixation pha e
Just before ventrcular inflon starts the fall 1n pressure 15 es enhy
alfy complete  The tune relitions <nd general features of the i e
and fall cosrespond to changes of pressure withm the feft ventricle
The svstoke and drastolic pressures thus recorded m the peripherl
end of & voronar vessel ave wuch loser than the coatresponding
pressutes m the aorta It 13 obwious that thes do not represent the
maximum pressure developed 1n the tramural ves ¢ dunng ven
tocdlar contraction  The tvpe of penpheral coronars pres ure
curve obtained tn the night coronary arters following its occluston 1
abo liustrated m fignre 18 (Jower left) Tt 1s cimtlir 1 pattern but
le s magmtude than that ootmned 1 a branch of the left coronan
arterv  The e curves and therr sigmficance ire con wered 1n <ome
detai) in Chapter 8

Presumably  the phasic pressure exsting around the coronan

sessels and compressmng them durnog a cardiae cvele 1» one of the

most smportant determinants of coronary flow  \lesurements of
such mtramural or intraray ocardsal pres ure or extrasascutar sup-

port have been made by tmbedding 1 vessel egment or fimd pocket
m the wall of the left sentricle and recording the pressure thange
within 3t by an optical manometer ™% Due to the thinness of the
wall such have siot been 4 the myacar
diwm of the night ventriele A typieal curve from the author 5 Jabora
ey 1 shown 1n Bigure 18 (lower nght) It will be obnersed that n
this mstunce aith the vessel segment imbedded about one-hail the
depth of the mvocardium the resultant pressure curs e has a smooth
¥ rounded contour someshat sumtlar to the penipherl coronan
pressure curie Howener 3t 15 bebeved that such cury es have no
counterpart in the normal left ventrieular mtocardwm “The prot
km’x‘: considered 1 some detail 1 Chapter § e
- e p{lesme Curves from the superfeia) vemns of the heart are
“mn:(a‘ b‘e :h;: }T‘nost diffienlt to record 1 ressure 1 A uperfianl
it heart 15 pieked up through a cannula 0 erted cen
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tomotic connections * 1he pressure 15 generully recorded from 1
side branch of vcoronary artery just distal to the region of occlusion
Immeditels followmg occluston of 2 coronwry wrtery or braneh, the
peripherl intricoronary artery pressurc deereases progressivehy for

l
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3 c
INTRAMYOCARDIAL PRES

Fic 15 —Upper left imultineou Iy recorded pre ure curtes from Iﬂ}?
wrta ind from 1 wde branch of the ramus descendens branch of the lel
coronny arters  Upper right pre surc curves from <anie se  cls bt ;mnua
descendens oceluded central to the pomt of pres ure mgu:tnnlon n\q\rt’r
left peripher il coroniry pressure curve from 1 branch of the rght rmrnnlh:.
artery wer nght wortic and intrimyacardiad pre <ure curte lr(I"?(cru
Jeft sentricle umultancousy recorded ~ Vertical intercepts and le
<ame a3 1n figure 15, page 46 Time 002<ec 02 <cc
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four t0 sv< beartbeats untid the pressure reaches an t‘q\;\‘;l\rs\m\ r\
tvpici record taken from the descendens branch of the le t‘ mnf)_‘n n
artert after equibibrium had been establ hed 13 |l\u\tntt‘<‘ m gu{\
18 (upper night)  As compared to the nortic pressure SImi ;nn:ou- v
secorded the peniphera coronary Pre-sute it approwmtels the ou
w2t of the 1sometaic contraction period starts tor e foshv at fint
(€) thes wore brusquel (€ D) This i e continues Mot gradu
allv mto the period occupred by the 1 e of the aorti Pres une then
suonnts as @ gradually rmng plitean to alma t the end of «vstole (1)
Dunn,, protodustole (L ) the cune starts to dechne ot fint
sapdly and then more slowly dunng the wometne rclaxation phase
Ju t before yentneular mflow starts the fall m pressure 1> e~ enty
ally complete  The time relations and general feartures of then o
and fall correspond to ehanges of pressure withm the left ventniele
The svstolie and diistole pressures thus reconded 1 the perplierd
end of & coronary vessed are wmuch domer thin the correvponding
pressures m the gorta It 1> obvious that thev do not represent the
maximum pressure deseloped in the wtramural vewsels during ven
tnewlar contraction  The tvpe of peripherl coronars pre< un
ure obtmned 1n the night coronart arters follawing tts oeclu 1on 18
abyo ustrated i figure 18 Qawer left) It 15 amilar n pattern but
less i magmtude than that obtuned i a brinch of the left coronary
artern  These cumv ey and therr sipmficance re ¢t n Wered m some
detail \n Chapter 8
Presumabh the phasie pressure exsting around the coronar
vessel and compresying them during a cardiac (vele s one of the
most tnportant deternnants of coronary fos  VMeasurements of
~uch intramural ap istramvocardinl pressure or extranascuir sup-
port hase been made by imbedding a vessel egment or flud pocket
m the wall of the Jeft ventrle and recording the preessure change
within ot by an optical manometer 22 Due to the thinness of the
walt such measurements have not been attempted 1n the myocar
;\(\::‘n‘wi ;‘he nght ventricle A tvpical curve from the author s 1vhors
. ‘::m‘:c‘: l‘?‘gfttx;:: 8 (lul\\er fght) 1wl be ohsened thit m
depth of the myocard o ; "EK“;EM pmbedded ot one-holf the
PR ocardm the zesultant pressure curt e has 1 smaoth
utour somewbhat sundlar to the peniphery) coronars
pressure curve: Howeser 1t 15 beheved that such cumen have no
;:‘:"‘:g’:;‘d‘e‘:gf normal left s entricular myocardom  The prob-
W soine detatt i Chapter ty
e Presy
(ec\muf\)\l\ t“;: ;:;s‘:‘:i ‘zilll’:hﬂt\e supecfictal vewns of the heart are

o record Tressure wn 1 supe cficsal
e of the Yeft heart 15 picked up through a cannuly msen!:d cc;:
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tralls into a brineh of the gre it eardine vemn 2 Pressure 1 the coro
nary sinus s tihen by eatheter it as abso picked up by mserting and
tyng nto 1t through the night il wppendage vomnuly which has
a side opening permutting blood to flow it the wtrnum md tmost
1t the mouth of which s v smlt teral opening from which pressure
15 Ted through @ small side tobe to the recording manometer ¢ Due
to the small size of the interior eardiie verns, pressure withmn them
s meisured by v sl cunnuhy with a dranage hole 1 few muth
mcters ranoved from the tip and mserted mto w A C ven brinch
i the night auniculir appendage, or the pressure may be picked up
by cmnulating centrdly abrinchof an A Crem

Tvpical pressure curves obt uned m the open chest dog m the
auther s iborttory from the great eirdiac vem, the coronar smus,
wd an A Cvem are shown m figure 17 In the great cardite vemn
the pressure curve has a smoothls rounded summit during svstole
which rises slowls during the 1somctric contriction pertod nd then
mare rapidhy during ejection and finalls declines to its lowest level
at approumate)y the begmnmg of atrial contraction

By the tune this pressure pulse which his its ongin deep 1 the
myocardium has reached the region of the coronary sinus, its form
1s greath altered  The syvstolic rise 15 now largels mussing nd a
pressure wnve comncident with the time of 1trial systole has been
added The curve now resembles closchy 2 right atral pressure
curve Sumlarly, the pressure curve tihen from the ostium of an
A Cvem has essentiilly the same contour s that in the right atrium

It 1~ hoped that this bricf exposition concerming the adequacy of
manometers to be used, and of the pressure curves obtauned from
the heart will ud in an underst ding of the mechamsm of operition
of the coronars cireulition
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Chapter 4

EXPERIMENTAL APPROACHES TO THL CORO
NARY CIRCULATION CORONARY FLOW
ITS DETERMIN ATION

Tur direet quantitative determmation of total coronars blood
flow requires the measurement of flow m all the coronr artertes o
vems  Tlow measurements made m only one wtery or van may o
1y not indieite correct!y the directional ehinges m tota] coronan
blood flow  In geperal s hen evpeniments are desgned to port
measurement of total mflow or outflow, the preprition usualls be-
comes sufficienth removed from the normil as to hmit the mter
pretation of results

The devices used muv be dinided ito those which measure the
phasic changes m rate of mflow or outflow and those nich mesure
mem rate of flow ] rom the phasic flow curvey men rate of flow
cin lso be determmed  Some of the devices are mserted betneen
the severed ends of 2 coronary vessel or are mserted into n artery
or vem 1t its mouth or extt and tied m place others are appled to
the external surfice of the van or artery and the flown 1s determmed
1 the anesthetized or unnesthetized ammal  m still another pro
cedure flow 15 estimatcd by i adaptation of the T'ich principle

In using flow metering devices which must be merted mte 2 coro-
nary artery 1t 1s best that the coronirs cannula be mserted mto the
brachioceph ilte or mto 1 carotid artery then pushed down wd mto
the left or right coronary ostium and tied m plice 1w dlustrited m
figure 21 By this means total night or left coronars nflow 15 meas
ured and the flow 15 not mterrupted during the eannulttion  The
right coronary artery or 1 major branch of the left coroniry artery
may 2}so be cut md 1 cmmuh ied m plice

PHASIC FLOW RECORDERS

M of the yarous procedures and mstruments have been con
widered m previous reviews 3t These methods were designed with
the hope of anilyzing the fictors ffecting coronary flow which are
0 raprd s wtion s not to be eapible of effectin e study by mamn
flow measurements lor the merwsurement of the mstantancous
changes 1n blood flow. m the coronury artertes and sems the record
mg device 15 designed to hive 1 rdatnehs Ingh natara) frequency

(+8)
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which permuts optiead recording of the rpid fluctuativns velacaty
of flow (flow puttern)  These mstruments record the 1n tant weots
flow at the pownt of thewr weertion nto 2 blood vessel  The vasculur
bed of the heart 1 made up not only of ves ¢} sathn the myocandnd
nall but alo of sessels lvang on the surface of the heart  Sinee the
change 1 mean bore duning & cardiac excle m the superfiaal vesebs
(n winch the flow mesurement 13 made) 13 presumably different
from that of the deeper lving vessels such an instrument measures
acombinttionof ntrimural and extruourt flon Tt docs not
herefore pecessamhy mdieate the corresponding flon at the sume
moment throughout the myocardium

The eathiest attetnpts to measure phriste coronary flaw although
Impenots were, necessanihy crude and the results are consequentis
open to conwiderable question  Tn 1899 LangendorfT #7 by recording

TO
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LEAD TUBING

TO
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M showiny
mea. yn; prneiple of
e g fon \arations 1n I e g, O ENemometer arrangement for

aireumflex ramus Detanls i test (Anrep
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sunultaneoushs the time of cardiae contraction and the thy thmeal
Variations in coronrt perfusion pressure w the wolated cat s hert
predicted the phasic flow through the m ocardunn

The first of the precise methods was the adaptation m 1927 by
Aurep, Crutchshanh Downing and Rt of the hot wire anemom
eter to the measurement of coronary mflow and outfion m the
denery 1ted and inneryated heart lung preparation  The coronaties
or v coronary artery, are perfused by blood from 4 resery oir whieh 1
elesated to produce the destred constant perfusion pressure, 1nd n
the mouth of which 15 placed 2 heated platinum wire # (Tig 19)
As bload enters the coronary artery amr flonng, over the hot wire
cools 1, and properly calibrated records of its rate of cooling guve
1 measure of phasie coronars inflox  The betght of the curte at am
pont gives the rite of flon and the area under any portion gres
the volume flow  Coronary smus flon was 2lso mensured by coolng
of the platinum wire when the rescriowr was attached to the coro
nary sinus and hept at the heart level ¥ Although this constituted =
notable adsance in the mstruments «v miable for studying the caro
nary crculation 1t 1s unable to mdicate perrods of retrograde or
bach flow 1t cannot fallow some of the most rapid chnges m flow
and 1t has a considerble and 1ariable time Inag

Machella 2% 1n 1976 mesured phasic coronars wflow n the dog
by recording the rate of coohng of a heated wire threaded through
an othernie mtact coronary artery  The flow pattern was some
what dunped as compared to that recorded by the orifice meter,
and no back flon components were present On a theoretical b1 1
aloue, the instrument would be incapble of diseriminating between
forward and backward flon and would be particularh wmaccurnte
at Jow selocities of flow +

In 1928 Broem er® developed an optical velouty recorder {tacho
graph) based on the princsple of the Pitot tube and m 1930 Hoch-
rewm ef al*® used 1t to record 1clocits curtes i the coron iy rteres
These velocits curves are quite simbar to some obtamed by more
refined methods at 1 later date

Phasse changes in caronary mflow were next determined by notmg
the movement of a foreyn substance mserted mto the epronan
artery stre mm and m which the coronary arters was perfused by the
normally pulsating aortic pressure  Stehle (1932) utthzing the
Langendorff tvpe of coronary perfusion me'tburer!' phasie inflow
by photographmg the movement of 2 globule of colored toluene
placed 1n the coronary inflow tube 1s 1t was carried aleng m front
of a photokvmograph *® Obvioush  this apparatus hud considerible
lag Anrep, Dawis and Volhard * i 1931 adopted the expedient
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of photographimg the movement of & tereuny drop ’I;l “;(‘d"::;l‘r““‘
Wlood stream Just hiefore 1t entered the toron n'\l arter’ !1 e
puiatde preseure head Despite » conaderable '\é such
parates pees o fair peture of inflow at a coronary on! ce‘ eI the
n 193> phasie changes n coronn milow nere precheted N
cafled dffecental  pressure method 4% Since (‘Dl\~ﬁ\“ ““
changes w flow are the reultant of differences tn pressure Winch
eant from moment to moment 1 the penipheral wnd centr)) end
of & coronars ramits ind simee the pressure Vawations i the centrl
end ¢lovely Sollow those 1n the norta ® the yamations m flon through
the ves el of the heart are determined by recording with properh
cahibrated optical manometers the sortie and penpheral coronary
pressures and then enlarming and subtrichn, fhese cumves  The
differential cure thus constructed with zero pressure as  byse ine
represents the rate of flow 2t amy powat and the atets bene rth duffer
ent sections of the curve are ted to compare the relatnne volume
fows dunng arions portions of the heart cvele  Iwo assumpnons
are made that the rte of flow dunng syvstole wnd thastole bews o
tmear retation to differential pres ure and that the eapanty of the
aalable va ool bed dunng systote and duastole 1 unchanged
Vore recemth with the d of the otameter® ¥% onfiee meter *
a0d constant pressure meter # resedrches have demonsirted that
these assumptions are not justified and that such o method may oot
wdicate the dwection  shufts 1n flos In ather wnstances directional
changes may be correcth wdicated but the magnitude of the flaw
change 13 not ¢ven remotely represented  White such « procedure
has added to our hnowledge of the determmnants of coronars nflon
it st be discarded as an mdex of coropan flow
Iz 1932 Wizeer and Cotton® devined a flas meter 1 which a

branch of  coronan wters m the open-chest dog %43 perfused with
Laehe s solution from a small resers atr connected to 1) upe chantber
fitledt with ur and under a stowly dechning pressure  The flown w1+
measured by recanding with 1 very senative optical mauometer the
Wl pressare drop i the air chamber as flutd entered the eoronars
avters The Mage of the dechmng pressure carve gave rate of flow
0q the total Srop wver a perod of time represented total wflow

ity huntations seve n rather low fregnency an ity to mewre
flow under its natural head of pressuve and f:

of Contractions 1 the aren fod by the o gen:
To obtun more pearh natueal conditions
vroved by Grepg (1934) in uswig the any
coronary perfusate and by autoperfusing
blood from 1s own aasta bevs eens measy,

ailure of mantenanee
ated Locke « solution
the apparatys was 1m
mal & own blood as the
the cotomn artery with
rements af caeraary G
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The modern ert mn the quantitation of phasie flow mas be said
to have started with the development and refinement of differentinl
ind constant pressure flow meters for appleation to the coronan
wrteries of the dog with the heart beatng 1n st Most of our pres
ent dw concepts regarding phasic flow hive come from the use of
these methods, considerition of which follows

In 1940, Gregg and Green™ described 1 recording orifice meter
for registering phasic coronary mnflow  Of the phasic flon meters
the orifice meter ® 4 has perhaps been most highly deseloped nd
cxtenstvely used to measure phaste flow in periphersl vessels as well
15 the coronary errenlation It has the ads antage over the other
devices that the sensitiaty ¢ be widely altered without mterrupt-
g flow Tt was applid to the studs of coronary inflow with the
lope that by an analvsis of part or all of the flow pattern, the effect
upont blood flow cauced by evddic changes m mtricascul i volume
assocs ited with volume elastic chinges and extrivascular compres
sion could be separited from the effect of mtrinsic 1 womotor changes
m the coronary vessels As will be indicated later, this has been
onls partially rethzed

PRESSURE
s wN PRESSURE
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PITOT TUBE ORIFICE

T1c 20 —Schematic drawings illustrating the prmneiple of the Patot tube
and onifice meter

The onfice meter makes use of the veloats with winch fluid 15
flowing  In this method the Iiteral pressure difference is determned
betaeen tno regions above and below respecttvels 2 region of
constriction (the orifice) i a flowing stream  the cross sectional arc 1
of which 1s muntamed const mt  Because of the higher stre um veloc
1ts below the constriction the downstre im lateral pressure (Lig 20)
1s lower but most of the pressure difcrence duc to the mnduced
change of velocity 1s rezuned  The pressure difference which 15
proportional to the flow mav be opticalls recorded by a differential
wanowmeter  The device en be u ed for phisic flon irrespective of
directionnl changes m flow  However its u ¢ (35 with all devices
inserted 1nto 4 v essel) mntroduces some reduction of the lumen of the
coronan essel and ¢ 1uses a considerble pressure drop Mence it
should not be used for determmning coron iy venous flow
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rted
fnu e the onfice meter (o Titot tubx oF \m;umn;(::')nlcs) ::{;cw "
T 21} and

nars arters as strited o

1;\1“0[ r':::\;({ pressuse manometer which 13 mounted n '}})‘Z :r;\:; " :,

:\;'\p:ev-\\remmnmeter (Seebig 3p $1 for det'uli)nmﬁ ex‘ o

eter 1 8 ruibber membrst optwal pressure m'u; e
wsed by Grepy for pressure recording except tht the rub

e
pemee nABR €
A

Dve 1 AL

wanowETER

Fie "1 -Dngam of eafice meter differentinl manometer and con
nectinn. for wes.uring coronary mfion  Cannula meerted through brachin-
tephatic artery imlo aorta and tied n left coronary ostium Detenhs in text

G amd & chamber filled wath satme surronnds the front surface of
the metahrine for the apphratian of counter or dow nstream pressure
She chamber 14 closed b 2 plano leny m front of wiich 1s an ad jtist

bl prism of ~utable poner to eorvect the color separstion 1n the
vecording bear which occurs 25 the result of 1ts transmission throngh
fd  The upstrcam pressure € pplied o the somer wde of the



04 ITNFRRIVENTAL A\PIROALHES

membrane, the downstream pressure to the externl surfice of the
membrane  More recentls, w djustible orificet” has been sub
stituted for the onifice plate of fixed divmeter which had to be rc
moved wherever 2 chinge m sensitv ity was desired (Lig 22)  Lhe
precautions needed to prevont hyvsterests and to msure m adequate
frequency already deseribed for pressure manometers appls cqually
to this phasic recorder A naturl frequency of 50 to 70 evclesfsec
1 exihy attumble and 1 wdequate for determmmg, phisic coronary
flow (L1ig 22) The optical projection system alre wdy described for
use with pulse pressure determimtions i used with phosic flow re
corders

]
)
|

-

ADJUSTABLE ORIFICE FREQUCNCY 7,/SEC

Fia 22 —Semu digrammatic <heteh of modified onfice flow meter with
rexdily adjustable ortfice  Back front and side view of onfice with cut
Away seetions showmg relations of internal parts  On nght typreal fre-
quency 70 ¢y cles per second obtamed with djustable ortfice meter  {Crecs

and Shpley 47y

In 1937 Johnson and Wiggers® adapted the differential minom
cter of Trinh ¥ emploving the principle of Pitat tubes to the
measurement of coronary sius outflow  1he Patot tube 1> bractlls
the sune 1 operation 1 the onfice meter  In this method the
Qiffcrence m pressure 15 determmed m two tubes mserted mto a
coron s vessd one directed upstrexm the other downstrenn  The
pressure difference 1s entsrels a function of the selocits of flown at
the two pounts (Fig 20)

A constant pressure weter of 1mprovcd design w 15 made by Green
wd Gregg w 1910 A small reseryorr filled with blood «xpands at
1ts upper end wmto 2 farge chamber filled with air mamt uned 2t the
presuling nortic 53 stohe pressure while its lower end 15 connceted
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1o 1 coronany arters (B 23)  Uhe chumber s flfed with bload
hetneen deternmimations  The flow 15 meisured by attaching to the
awr chamber a very sen itne optical capsule which registers the
shight dechine of chamber pressure as blood fcaves 1t wd enters the
coronan artery  The calibrated slope of the dechining pressure curve
gives rate of flow and the tota] drop over 1 period of tume represents
total flow ¥ Quintitation of coronary venous deunage can be
obtamed with this device by letting blood flow into 1t wath its con

Ta 23—
B - Duagram of constant pres ure g mete;
r

5 (Green and Gregy y Drsct on wn text
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tained air at atmospheric pressure  Its impros ements oy er previous
tvpes of constant pressure flow meters e that 1t has a higher fre
quency and records with no appreciable lng

More recenth, the apparatus his been modified by Echstem® to
obtain contmuous recording of the nflos  Blood continuoushy en
ters the chamber 2t approuimately @ constant rate by means of 4
pump attched to 1 conventent artery, and flow from the chamber
to the coronary artery 1s detected by an onfice meter or rotameter
m the circwt (I'g 24)

Because of the muntenance of 1 constant perfusion pressure (f
ittrched to the arterv), or becnuse of the maintenance of 4 constant
drunage resistance (if attached to the coronary sinus), the use of
such perfusion des 1ces permits deductions only with reference to the
factors regulating the reststance to coron s inflow or outflow

DIAPHRAGM
WITH HOLE

NG
MANOMETER

Rounyn

PERFUSION

CHAMBER

FLAP
VALVES'

{ CORONARY  AQORTA
GANNULA:

PUMP m——

—-—

ADRTIC
CaNNULA

Frc 24 —Diagram of constant pressure flow meter as used by Lckstein
etal®

Tmally an electrom ignetic flon meter® * his been used to mets
ure phasic rate of flow  This device utilizes the prnciple that an
FMI 15 induced 1n the blood streim 1s 1t flows through 2 magnetic
field The apparatus conssts of wn amplifier a recordmg gals inom
eter n horseshoe magnet within the poles of which 15 an msulated
slees e apphed to the 1essel 1nd contaming two non polarizible elec
trodes It has been applied to accessible peripheral vessels but as
vet has not been used to measure coronary blood flow possibly be
cuse of the difficulty that mght be encountered n monding the
nfluence of the cardric action potentials  Compired to the orifice
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weter flon cumer the puteras recorded with this 1 trument are
somenhat  dumped

MEAN FLOW RECORDERS

One of the earhest and smplest tmethods for determmung thy mew
rate of accumulation of coronars venous blood 3 the w ertion of
a Vorwitz cannula  of 1S equisalent Wnto the coron sy sinus or
an antenor cardiae vein and Mowing the Wloed to flon periodicth
1t « graduated chamber o an Archuedes bucket  The volume of
Flow 1nto the eh sber has 1o been indicated by reconbing the haght
of the fuid b 2 float, arranged to wite 95 a sloping hine on 2 kvmo-
graph record 9 As previowshy mdicated the adequacy of this ap~
proach for determung left coronws wflow depends on the con
wtney of the fraction of left coronars miflow druniag by ths channel

Sumlarly mean coronamy flon was exh determined by perfus-
g 1 corenars arters at sistolie {or v dewtred) pres ure at an
essentially comtant temperature from 1 eibibrited clo ed perfn 10n
¢hamber 10 3 manner sumiar 1o that desinbed for pha i flow B abe
tilood flon bemg wdiented by griduations on the reersair The
< tlues abramed are carvect but as alverds indieated for this devsec
therr interpretation 1 himited 1o a conadertion of perspheral coro-
nan flon determmants smce the perfu 10 pressure 1> constant

\fean flow through the coronar artenies or vens 15 well as other
vessels has been determimed by ceveral tvpes of thermostromuliss
which operate on the prineiple that when a eremt 1 formed of tno
wires of differcat metals and one of their junctions 1 2t 1 tigher
temperiture than the other an 1 MF 13 produced i the cwremt
The proper temperature deferente 1 created I a taph frequency
or dirert eurrent The rate of blood flow, 5 related to the dfferential
temperature of the tao Junchons

The first thermostromuhr for tmesunng mean flow w an unopened
vessed w2y con tructed by Rem m 109840 The apparitus conwsted
of tno thermal junctions heated bs a divtherms umt supphung a
;:(“;‘&\\ ::?‘ ; ::\tlam 'u‘n;lln;t of heat  When mounted m a switable
b the h‘[l;ﬁ;l’l’l a an artert a part of the hieat 13 carned

e Yente the rate of cooting of the therm 1l tlement
d’vem“o upon the rate of blaod fovs
rect current tmmx:rea gea’x’;d c;mvnt oanulir b use s a i
are mounted exther in a n%ldl ﬁlseutl‘zle:;: :l:‘:‘:‘/‘\‘:‘:;l;ﬂ;\i‘: U;\Q:mn%
e
unopenes blood \sel* B op 4y o cannula inserted het“:acn th:’ (x;(;
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ends of the vessl 4 The thermojunctions (upstre i, or cold) d
downstreatn (or hot) are placed respectn els, 1bove and below the
heater,? or the downstream junction 15 attiched to the heater %
The mechamsm by which changes 1n differential temperature of
the thermal junctions reficct changes i flow has been only partalhy
cluadated  In the type of thermostromuhr (Fig 20) m which the

CGonstantan wire Nichrome heater
Upstream or cold -~ Downstream or hot
Thermocougle Thermocouple

Drrection of fiow % ~~Slot to admit artery

~Copper wire

Bakelite Block

Rubber covering~-~ v
Lead wires to Lead wares o

Battery . Galvanometer

Tic 26 —Diagram of concept of Lro ~ heat di tribution within a thin
samttal ection of direct current thermostromuhr — Density of stipling inds
cates relatine temperature elevation P flmd 6 gl tube # hikehite
block C cold qunction H hot junction N, heater  (Gregetalt)

cold amd hot junctions e mounted with the hoter i the stme
msultng block * both qunctions tre hosted by the heter Tiegehy
through the bloch md ¢ hotter than the pisamg flurd henee the
differential temperature of the two junctions 15 determmed by the
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Rl
oot Tt A which they cooled by the \“:d‘:‘:)fr‘:;i‘:
(Uig 26) Intvpesinwhichthe cold junetion 1> moun ¥ h‘ e
from the hot Junction nd heter @ the cold yunction and ‘: m«md
1ng fwd are presumably more nerth of the same (cmp‘cw ure "
the hiot Jmetaon yeeords ald op 1 constant proportion of the tompe!
fure s swtoned by the fuid a5 1t P ses the heater In ather
Instance snce the crows ection of the vessel 1 held constant the
\olume of flow 15 refated to the differential temperiture of the teo
unctions provided em ronmentad factors do not ajter this relation
dup Hosever Schmdt and Rendoxt fint suspected that the du
rect current thermostzomubr was subject to a number of po sible
sources of error and sub equent tests i rito and i patro has e pes eal
ed <erious defietencies 1n the apphirition of this thermnl prineiple to
the metsurement of blood flow * % Several externad and imternal
environmental factors other than rate of bloml fon wilvence sig
wefieantls and wopredictably the empuest flow readings by altenng
the relatts e rates of heat Juss to the ens ironment at the two yunctions
or the heat distribution between the 186 unetions Theee hmting
fictors 1nelude the arters used angulation of the unit nith respect
to the arters movement of ntra and extras ascular Swd near the
waee laos, of hnearity between the temperature changes Mithun the
unit and blood flow changes n blood temperature uneven tempera
ture 0 vartous parts of the blood stream wviscomity of the metered
fiwd and finalls the presence of periods of zero flow  or retro~
grade flun (back flon) 1n the fiow pattern

The back flow effect 1 partieulasly mmportint since the fiow pat
term 1 mont artemes exther normally contuns back flow or 1t ean be
induced and the mstrument 15 bighly sensitne to the presence of
even smail amounts of bach flow m the pattern  Tins hach flow
effect on the apparent flow as indieted by the thermostromubr 15
thustrated 1u the curves of figure 27 whuch has been assembled From
actual records and data obtamed m different expeniments  The
curses represent the chanpes m phasic flon back flow and metn
g\sgguf::; l‘:(n;l f‘ciu:m in ‘d{\; femoral arters of n wnesthetized
ot evabion and decline of < cnows pressure by appheq

et and s subwequent rélease  'The flow was Yoo
corded smultaneou I by the ortfice meter ratama i
stramubr - It will be ob erred th areter and thermo.
a sath ths procedare flow as
<ested wath the onfice meter and rotameter first decreases and th
mcreres Tt il abo be sheerved that a back flow com tcn
present in the control perod = nrxymal durng the peno 1p<;nen =
N\mdmm“ m flow and 1 argely or entirelt ab:;:«. :lu(:mimt::c
earh pha e of recorers (follow g tourmquet release) when the flaw
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15 consideribly mcreased  Under this condition in which the blood
flow decreases wnd the back flow component simultaneoush
crenses m magnitude the net effect on the thermostromuhr 15 4 de-
creise n tempernture gridient between the two thermocouples so
that the strument erroneously 1ndicites an ypparent merease m
stead of m actual deererse m blood flow  Similarhy, following tour
niquet redease, the actinl mererse m blood flow which 1 sufficient
to cimmate the bick flow component from the flow evele, 1 recorded
15 an apprent decrease in blood flow by the thermostromuhr 7 hus

ARY_BLOOD PRESS

PHASIC FLOW
(ORIFICE METER)

MEAN FLOW (TS)

MEAN FLOW (ROT)

VENOUS PRESS

BACK FLOW
-

Tte 27 —Schematic draving to illustrate the dynamic change 1 the
ves els of the extremtties which are re ponsible for fmlure of tie thermo-
stromuhr to ndicate correctly flow chinges during loeal venous ocelu wm
and release  Bach flow blick wrer 0 zero flow  Detmls m text  (Grega
ctal ¥

the migmtude of the effect of v small mcrese or decrese m bich
flon indicated by the thermostromuhr s an mwercse and deere st
mn flow, respectneds mwy be greater than the effect of an ctul
large decrease or mcrerse in flow and the instrument will fail to m

dieate directional changesin flow It 1~ hoped that wavs and means
will be found eventualls to elmmnate thrs s well s other errors m

herent 1n the method suce it can be used in unanesthetized ammals
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Comparable 1n 710 and m rifro tests of the lgh frequency thermo~
stromubr designed b Rew® hve not been made o wliro studies
of the £%0 tvpes of the thermostromuhr under the same conditions
miicate that the direct current thermostromuhr corprres unfwar-
bl with the hngh frequency thermostromuhr

While of these ofder methods the u ¢ of the constant pressure
weter for nflow and a Morawitz cannulx or its equnalent for out
flow has added to ur store of knovledge the results have suffered
from the fact that with these devices 1t his not been possible to
mewure flow (1) continnoushs (2) with 2 normally pulbsating aortic
pressure and (8) with the anymol 1 the wnanesthetized state Ree
cent deselopment of the rotameter his obviated the first and second
objections while the mtrous oxide method perauts ducontinunus
observations in the normal state

In 1934 Soshin®® measured mean rate of blood flow by timng
visvally the passage of an wnserted air bubble through a glass tube
of known length and volume which had been placed betneen the
et ends of the ves ef through which the flow was measured (Fig 28)

Fig 2% -

Diagram of typieal bubible flay meter  (Bruncr )
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1he method his been inproved 7% and usedd to me wsure coronn
nflow, and more recently, the bubble has bheen tuned photoelectric
ally ¢ Because of the resistance to flow from the long (1ppront
mately 1 meter) tube used, the device should not be used m the
coronary vens

The rotameter was origmally developed commererally¥ for mes
urements of fluid flow, but 1t w15 not until 1042 that 1t was wipted
to the quantitation of blood flow by the wthor? The device his
becn extensnely used to record mean rite of flow m the coronars
arteries, coroniry vems and peripheral vessels nd also to deter
mine ¢ wdsc output and input * It 15 probabls the best method for
continuous nd accurate quantit ition of men coronary blood flow
with the heart beating in situ
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Tic 29 —Schematic drawings of (A) visual reading, rotameter with

plumb bob shaped float (B) rotameter with ty pe of flo it mummally affected
by viscosity (C) typieal ealibrition curve with Ty pe B rotameter

Iwo types of rotuneters togcther with 1 ciibrition curve are
sllustrated i figure 20 1 B Basicilly the device consists of a ver
tical transparent tube with tipered bore within which the haght of
4 float 15 determined by the rite of flow  With upw wd flow through
the tube, the float 1s hited until 1t rcaches v height determmned by o
balnce of the downward force (weight of float mmus weight of dis
phced flud), and the upward force (pressure drop across the float
times msimal eross sectionil arc v of floxt)  As flow mercses the
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Tdance i itesed md the float rives to a new po stion 1t whech thic
increase 1n the annular onfice 1s Large enomph to rediioe t\\; })f\“\\llf‘l
drop across the float to that exwsting 1t the previons ‘m\ m‘
When the plumb hobeshaped float in figure 29 {1 v od chmgesw
blood v1sconty affect considerbiy the Tibbrbon wueve Thus ffect
oy be shmost entureds ehminated by use of 1 float sular to that
Aeserbed by Tuher et ol ® m abich the mjor part of the flost s
remoned from the flowing stream with fugh veloaty to a stagnant
region of zero velocits (Fig 20 B) VW1th the latter procedure the
calibration 1 essentialls hinear (Fig 20 C)  The po 1tion of the float
mas be read visualls Por for continuous optical recording of flow o
modified rotameter 13 used 1 which changes W the vertieal position
of the fioay are detected by an induction mechimem which 1 con-
nected to an optically secording, galianometer & The rotameter
quantifates flow with an error of about =5 per cent
Vore recentls the nitrous cude methed has been used to measure
blood flow  The method first utihzed for measunng cerebral flon®
n 194> and later left coronary mflow U= n 148 13 based on the
Fich principle, 1 ¢ the blood flow per umt of time through an orgn
1 equd to the amount of & substance tahen wp by that argan in
goen time dinided by the difference 1n concentration of the sub-
stance m the arteral blood suppls and venous dramage of the organ
in the same tume pertod  In the mitrous oude methoi! Jeft coronary
wflon 15 determmed by dividing the nitrous pude uptihe of the
heart by ats A\ difference 1n the coronan svstem  The denomi
mior m the Fick equation 15 found by computing the integrated
dufl between the of mirons oade wn arteral and
venous hlyod during the period of equilibration with a low concen
tragion of mtrous oude  The concentration of gas in the tiseue at
the time of equilibrium (the numerator m the Fich equation) 15 un-
obtainable directh an the tntact amraal of man and 15 1ssumed to be
equal to the product of the venous roncentration of the ias {after
equilibrium 13 established) and 2 partittan coeffictent (umts 1n the
2 e Wit et i o 180
ood flow are obtamed shuch 1 the case of the beart are ex
pressed as ce of blood Row ger rumute per 100 g of v ocasdium

10 ve 1 the heart seve
al sunultaneous artemal (ans
and venau (cosonan simus by ¢ e

whehtly anesthetized or y t“aml’(i‘:')&g;(:ﬂ;::::}lie: o d"‘-\\“;
:;\:'::;ui oude ml‘\al.x(\m to the tme of its equiltbrium or du:n:g
dem dr:\g:n;mo:\o ; Large dogs (20 Lslograms or more) and {arge blood
N ).’n (0t 60 ce) are necessary  However the emplon
oF this procedure larcels pbr iates the erattensm of other metheds
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by utihz atron of the wnmm il m 2 state more neards 1pproxnnating the
normil  An (xumple of Jeft coronar blood flon determmation by
this method 1s 1 figure 30

Ongmilly, satisTactory geecment w s found betsecn left coro
nary blood flow v adues obt uncd with the mtrous oxde method and
vilues obtuned simultwneoush by direet me wurcments smade with
the bubble flow meter™ m a4 magor brinch of the left coronar asters
in the open chest dog 1 or the bubble flow meter, the flow m cc /100
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Fro 30 -Griph ndieating v pieal mtrous ovide saturition curves ob
tuncd 1n determmnmg coronry flow 100 gramJeft ventricle in an anesthe
tized open chest dog Upper curie from carotid artery  lower curve from
caronary sinus by eatheter  Discussion in text

em of left ventriele was deteriemed by dunding the measured flow
by the quntits of hoart tissuc stamed when ¥ vans Bhae dve ws
mjected into the cannulited coronary arters and the coronars e
nous bload w25 obtamed by a eannulr tied into thegreat cardneyem
1low measurements hnve not been reported before and aftes induc
tion of anesthesa to deternune the ¢fect of the mtrous ovule prr s¢
an the v womotor state of the coronary bed  Beeau e of its great
ymport mce, the neccasity for confirmation of the wdequacy of the
wmethod 15 apparent  The mtrous oxide method 1> now being evalu
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ated 1 the wuthor s Liborators 1 (1) when the venous blm:{ v\:q:}\:
for the nitrous ovide procedure are withdrwn from I“{ lln ™ f“ )
¢atheter mtroduced from Within the senous sustem and Iy u;n Tee! "
1 the coronary sinus and (€) by comparing it with simul t~\nm\] 5
direct mevsurements of fofal feft coronary atters mflow continuoushy
sccorded with An opticalls recording rotameter ¢ To dnte themexs
urements show o considerable difference between left coronary m
flow as mewured by the tnomethods  Fhe reason for the differcnee
has not been established

The mdndual ady wtages nd thsadyantages of the L wewn wnd
phaste flow devices have been largelh considered with each method
Howerer certun blanket eriticioms appls to all Al the methods
Iimst flon to a varable extent and those devices which require
insertion 1mto 2 coronary vesstl of an anesthetized wd operated dog
to which i anticoagulant has been grven hve the additional diw
advantage of indueing, a vamable ind unhnown degree of meult to
the cardios ascul1r system and 1ts 1ssociated nersous nd metabolie
mechamsm hence the interpretation of the expertmental results

terms of oceurrences withmn the normal ammal 1 necesinls yee
stricted
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Chapter 5

DISTRIBUTION OF CORONARY BIOOD I OW
PIIASIC FT OW CURVES

DISTRIBUTION OF CORONARY ARTERIAL INFLOW

In the westhetized dog m which the left and nght coronary m
flow were sinuitineoushy quantit wted with the rotumeter, the left
coronary flow ipprovunited 85 per cent and right coronar flow
15 per cent of the total coroniry mflow * The rrows m figure 31
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Fic 31 —Graph showmg relationship of common keft coronars inflow or
total coranary wflow (ordinate} nd coronary smus outflow (ab er <p)
wndcr different dsnimic eonditions  Dot« and trangle common left
coronary nflow 1 2 experiments  Circles totl coronary inflow (nght and
left) Dots at end of arrows common left coronary inflow after elwmping
right coronary artery ({Creggetal ™)

(78)



DISTRIBUTION OF CORO\ARY BLOOU FIOW i

Mustrate the results of 2 ty piea) espeniment A amilr dhmhm““i
exasts m the heart lung preparation with the coroman -\m‘r;o« ‘::rr
fused at a constant pres ure 2 and m {he perfused fbntirtng hev
“Thus general preponderance of Jeft coromam flow w the dog mav ap=
v n man m the ol percentge of those hewrts w hch are left mr‘
ogars artety preponderant but not m most human hearts m which
the roronary Sistems are halanced or the right toronry arters 1%
preponderant ¢

DISTRIBOTION OF COBONARY OUTFLOW

As streads wmhieated the blood which enters the coton iy artertes
can return 40 the venttieular cautties by two mon routes intn the
right e by way of the coronars sinus and the anterior eardiie
\etns and directh nto the ventricular cavities through the The-
besian vemns and the arteno-fuminal and sinusordal vessel

Venous Drawmage mio the Coronary Smus ~Direct measurement
of coronary venous outflon m the wsolated heart hewrt lung prep-
araton and wath the heast beating 1 sitn hos shown that priets
cally all the bload 1 the coonars sinus anses in the coronars arterien
and that the coronar stnus and associited superhoal v ins emptyving
near 1ts mouth constitute the major venous drimage sistem of the
Ieft coronart arters * With the heart beating w nifn temporars
clampng of the left coronary artery at its ostiim immedratelr re-
duces eotonars wnws flon 1o values approvmatme 2 to 3
per minwte or y1o 7 1 per cent of the ongual flow values (12 deter
mmations tn 4 experitoents see Table 2 expts 1 9)  Tn 3 akhtionnl
expertments temporars occlusion of the nght cotonary asters ajone

reduced coronan smas flan be 1 detectable amount 1 nnly 2 of 1)
determinations (Toble 2 expts 7 11} and even when night ventric
ular pressure was previonsty con derably elet ared by mechanie
constrictton of the pulmonars arters tight coronars arter vee s
“1&:(:2 n:i\;:; cz;z{::s::; . ::lfl:; :l:]\\ (Table 2 expt 3} Uowever
ght coronary arters was SUpLnm
Tored on an ew tiog Jeft coromans attery ocely 1on (3 experiment:
> determmations see Table 2 expt 10} the coronars sinus flo
érmy;m! <bightly more by fallmg forther from 20 25 25 30 an
3 ?c“:, fltgnl{;)“la:)?;t(:nz;ndt }l] 1ee this indieaning that o sibl 11
P R the caronar sinws from the right cotopar
t under the faorable conditions apased by left coromars 5
P:i‘::\h‘s“’" (Table 2 espr 10) This smalt dramage of the rig}
arters mto the coronam Si0us 13 somewhat lesg thin th

Teported by athers w g the heart lung preparation 2 T} ot

ual and Just detectable coranar s fas eoe W TES)

T




Chaptat 5

DISTRIBUTION OF CORONARY BLOOD 110W
PIASIC TLOW CURVLS

DISTRIBUTION OF CORONARY ARTERIAL INFLOW

In the anesthetized dog m which the left and nght coronary m
flow were simultineously quantitated with the rotuneter, the left
coromiry flow 1pproximated 85 per cent, wid right coroniny flon
1o per cent of the totd coroniry mflow * The arrows m figure 31
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Tic 31 —Graph showng relationshup of common left coronry mflow or
total coronary wflow (ordinate) and coronary «inus outflon (ab o1 <)
under different dypamic conditions  Dots ind tringles common left
coronary wflaw 10 2 esperiments  Circles total coroniry flow (nzht and
feft) Dotsat end of arrons common left coronary wflow after chimping
ight coronary artery (Grogg et al 2)
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Al S E/RIDULIUY OF CURON 1LY BLOGD FION

todis complete wute coroniry artery occluston (See afso (pt 2)
presumably irose from smail twigs of the coronary arteries which
were dlw 11s found (bt post mortem mjection and wspection) to e
central to the sites of coronary artery occlusion

Although essentiallv all blood 1n the coronary smus ppears to
arse from the left coronar artery not Wl the left coronam arters
mflon Iewves by this channel  Mewsurements with the heart beating
w st revenl that n different experiments 64 to 83 per cent of blood
from the left coronary arters druns through the coronam smus
(determmed by temporary occlusion of the right coronart artery)
Some of the 1 lues are n Table 2 experiments 3,4 5 6,7 § under
1 variety of dvnanue conditions T hese results are n general agree-
ment with presious obsertations by others using the hert ung and
1solated heart preprations ¢

Tarh myestigators, using the heart-lung preprration 11* ob-
served that coronary smus outflow indieated semi-quantitatively the
changes, but not the magnitude of left coronary or totsl coronirs
mflow  Smee sunple nd accurate methods for quantitating, coro-
nary mflow were not then av ulable, metsurement of coronary sinus
outflow with the heart beating in sifu has been wideh u «d to mdi
cate quantititne and directronal changes m flon  More recent 1
Vestigitors? 3 3 ¢ Jiave challenged the general applhcation of this
relatronship on the bisis of experiments performed with the heart
lung preparation 1solated heart fibrilating heart, perfused doad
heart and heart beating m site Trom a practical standpomt  the
1ssue would seem of hitle import since there are now ayvulable sun
ple and adequate methods of directh mesuring coronars mflow m
2 somewhat more relnble preparation  However i view of the
rather unnaturil prepritions which were generally used the abnor
mal pressure relations created m some of the expersments and be
ciuse 1n some matinces the deductions were made on the bivs of
mmdireet evidence 1t was of mnterest to repert certamn ¢xperiments
under condrtions 1n whieh the norm 1 phy stologie 1l state of the heart
wis less disturbed  Viith the dog heart beatng e situ wd with
rot imeters to measure coron1ry inflow and coronary simus cutfiow
the effects of s trious procedures were determined  Changing aortic
blood pressure, elevation of mght ventricular prossure salne and
blood mfusion and the mtricoronary artertal mjection of drug~ did
not greath alter the relationsinp of coronary smus outflow to left
coronary inflow, 1nd m no mstance would 1 signific wt change n left
or total coronan wilow hue been meorreetls ndieated by the cor
respondlng coronars sinus outflow  In one experiment the coronn
cnns flon was 78 per cent of left coronry mflow (= 38) m mother
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shup of coronars smus flon to left coronary arters flow vanes m
different expenmenty

The phs sofogse d sigmficance of the mgenous eart lung expert
ments of hatz et ab %15 not hnown wnhich when the coron ey per-
fusion pressure was lowered and the pressure within the heart et
ties was rated the cotonan <mus outfion excended con iderably
totalcoronary inflow 4 reasonable explan wion s that thes indic e
that retrograde flon through the Thebewins can be mude to occur
ma heart bn cretting highls brormal ind unphy sologsc 1] prevsure
gradtents  If sigmficant retrogrde flown through the Thebestin ves
<efs wert possible athin phasiolopieal himits the presire gridients
between the ventnicular caities ind the coronary vessels shonld be
optumal for its dentonstration during a perod of complete occluston
of the coronars artenes  However s alrculs indiented wath hearts
bewting en situ temporans occlusion of both coroniry arteries de
trea es coronary smus outflow to dmost zero withm 10 to 20 «c
ords (Tihie 2 expts 2 10) no blacd flas from the ventncles nte
the coronart artertes c1n be demon trated and the heurts do not
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82 DISTRIBUTION OF CORONARY BLOOD FLOW

this v 1lue was 73 per cent (= 26)  Also, n the latter expertment
coronary sinus flow equaled 64 to 68 per cent of total coronars m
flow  Many of these values are llustrated 1 figure 31 and Table 2
the data for which were tahen from 63 determinations m tno ex
penments #

The obsers attons on this relrtionship during constriction of the
pulmonary rtery are of particular nterest  Various mvestigh
tors¥ 336 4 have stressed the umportance of nght ventricular pres
sure n modifying right coronary flow  Primars emphasis s placed
upon the reasoning that elevation of nght ventricnlr pressure by
increasing the resistance agunst which the Thebestin vessels may
discharge venous blood wto the right ventricular cavity, ciuses 1
dimmished blood supply to the right ventricle The observed con
current incrense m coronary sinus flon with elevation of nght ven
tricular pressure first observed by Johnson and Wiggers  (Table 2,
vxpt 4), 15 mterpreted to mndicate thit blood 15 shunted away from
the Thebesrns of the nght heart mnto the coronary smus, or that
there 15 an actunl retrogride flon of Thebesian blood from the nght
ventricle to the vemns empty ing mto the coronary sinus  While such
deductions may concenably apply under hemody namic concitions
wtifienlls mduced mn certun tvpes of prepirations, they do not
constitute 2 logical explanation for the findings obtamed under more
nearh normal phivsiologieal condstions  As alreads indieated with
the heart beating w2 sifu, most of the venous dramnage of the right
heet 1s through the anterior eardiae veins rather than through The-
bestwn channels to the night ventrieular eavity 8 Actually eleva
tion of nght ventricular pressure ncrenses both night and left coro
nwsy wnflow 7 whick fact lone 15 sufficrent to ecount for the m
creised coronary sinus outflon (dee Tig 32 and Table 2 expts 4 b
12 13) lor the date m figure 32 the nght ventrcultr systolic
pressurc 15 erther gridually or abruptly elev ited to 80 mm g
with ar without compensation of the accomp g reduction mn
wrtic blood pressure  This w15 accompanted by a progressiee nd
(onsiderible wgmentation m nght coronary mflow (2 to 200 per
cent) and 4 smuller incrense m left coronary mflow (19 to 29 per
cent) Inaddition flow through the anterior cardiie vems mere wed
greatly ¢ (Table2 expts 12 13)

These results mdicate that m ans one experiment with resonably
normal hemodsynamic conditions prevailing, chinges m coroniry
stnus flow ¢an probably scrve as 2 direction )l mdicator of left coro
nars nflos (and presumably 1o of tot il coronary inflow ) although
the actual yolume cnnot be accuriteh predicted ~ince the relation
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vems my be greatly augmented by clamping the thoree st o1
e ton

h"g:u e’:ll:éf T Ahe wonres Sem whick the mtenor Cudie van flon
arses the nght wd left coronrs artenies were both oeefudwl for
95 t0 30 secands  The wrtie blood pressure {ell ahout 1 te 10 mn
{igdunng thisperiod  In one expenment the flow from the anterior
candiae veins 18 reduced almo t to 20 In other expenment
resudual fios Temmned (B 503 Oee} equal to + ta 10 pec cent of
the control antenor vew cardue flon  Fxamimation of the luter
hearts at the end of the experiments res ealed the presence ofTor2
it coronan artery twigs central to the nght coronan cannult
which were not oecluded during the expenmental procedure  Thus
atmo talt i net afl the aptenor cardic vem flow wmust have anen
10 the coronary artenes

From their anatomical distrthution the anterior cxrdine veins
nould presumably dram myvocardin] regons supphed by the right
coronap arters  Stmultaneous measurements of nght coronarsy
fow and aptenor cardiae yen outflow show that the hatter may vany
from 72 to 118 per cent of the former and that both van i the same
durection under the wfluence of altered dvnamic states (Table 1}
Atualh temaporars and separate clampimg of the nght snd Jeft coro-
nars artenes hows that both contnbute to the antenor cardiac vein
flow and a3 establi hed by swch clamping procedures the vespecine
contributian of the twa coronary artenes 13 1arahle but the mgor
Contrbution 15 from the right cofonary artery  Approtimatds 50
ta 92 pes cent of night coronary arters inflow deatns mto the nght
stium by these channels while 1 somewhat smaller valume of an
tertar cardie e blood 15 dessved from the left coronany arten
(Fig 33 The amount of mterior cardiac vemn flan (@ to 10 c¢ per
mntte) wrang from the left coronars arter 15 «uffietent m most 1
stances to arcount for mest of the foft coronan inflow whch dues
“‘:n‘}\)’mf W the roronary «nus but whether 4 quintitatne rela
N 5‘ l‘lfh ;m:-x bha not heen established expermme ntally because of

wal difficults 10 measuring flow simultaneon b 1w hath

soranan arteries and n all the superfioal senous channels nf the
beart Yo addion o vem malb snount of Wlood from the night

toronaty artery deatss imte the coronany, anus 1or example o
experiments with the dag

beart heating 1 st and with the
nght
coronary artery inflow approvimating, 15 ¢ per muute temporary

Bow by 1o10 S e gee 2 % without effec
T minite 1n 3 tests hut na
thout tin
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Venous Dramage mto the Anterior Cardiac Vems —1he fune
tional importance of the anterior cardiae voms has been s iwtually
1gnored by mvestigators  Recent work his demonstrated that with
the heart beating i situ, the coronary yenous dramage by the ante-
rior eardine Veins 1s considerable 2 In Lable 3 are shown tvpreal

TapLe 3 ~COWI4nIS0N OF VoLLME oF Bloop 10w IV THF ANTFRIOR CARDING
V EINS 48D THE Rioay Coronnt \kTERL

8
=
¥k
S It
58
Y [ I
i B8 o8 RIS
§3F $3y aif &6
EEL SO0L & =&
1 2 3 4
kem mm Hg cc/oun cc/mmn
213 85 120 2o 100 Ilow mesured 1o all 3 majr AC
\oins
210 %0 190 21, 8% Flow meg.ured 1n all 3 major AC
Yeoins
240 120 266 370 72 Tlow mensured m all 3 major AC
reins
193 a4 165 150 10 Tlow measured 1n both major AC
soms
182 82 13 o 260 e Llow mei ured in 2 of 4 major AC
vems
Z15 70 120 120 100 Flow measured m 3 of 5 major AL
rans
183 €0 200 250 104 Control—Flow measured m all 5
86 34 0 30 0 13 rongor AC vems  Constriction of
aarts
165 7 50 b g 74 Control—Tlow measured w 1 of
120 108 110 93 major AC vems  Constriction of
acrtn
193 e 120 17 0 100 Control—Ylon mea ured i both
100 300 25 118 magor \C scias T pinephrine by
Jugulir sein
16 5 0 50 70 "1 Control =1 low metsured in 1 of 2
major A vens
120 210 150 117 Epmephrmely jugular ven
120 350 330 100 Trinephnne b} jugular vemn
213 170 60 b0 ]  ontrol—1low mea yred 10 all 3
major AC veins
10 110 200 65 Nitroglycermo by jugular vein

values for antertor cardiae ven flow 1n dogs of different werghts wd
under different dynamic states  In <omc expertments, all the major
antepor cardiic vems were cnnulited i others the flon monh a
part of the total number of lirger vems w1s detcrmmed Innom
stanre were attempts made to cannul tte the sm ther ntersor cardric
«emns  In those experiments m which 1l the myor antcrror e wdac
vems were ewnnulated the flow v rlues ringed from & > t0 205 co
per minute Asallustrated the flow v lues from the anterior eardiae
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vemms may be grenthy apgmented by chmping the thorwce aert or
= 1om

\“’E“::::lim\ the source. from which the mtenor ¢ wding ve ;1\ ‘(h‘\\\
ates the night and feft coronars arteries wert oth oceluded for
951030 seconds  The aortic blood pressure el about » 1o W mm
ig durmg this penod  In ope expunment the flow {rom thie antenor
cardhiae yems Bas reduced WWmost 40 2er0 In other experiments 2
cesidual flow. remsained (0040 10 e} equil to > to 10 per cent of
the control snterior vemn cardiae flow  Fxanuntion of the hittur
heatts at the end of the experiments revenled the presence of 1 or 2
nght coronany arters twigs centrl to the nght coronar cannuly
«hich were vot occluded dunng the expenmental procedure Thu
almost all 1 not 1l the anteror eardhac vem flow must hnie art (n
1 the coronar arteres ®

From their anatotical distribution  the ntenor cardne veins
would presumably drawn meocardial remons supplied by the nght
coronar artery  “imultaneous measurements of nght coronars -
flon, and anterior cardiic veyn outfion show that the latter may vary
from 72 to 118 per cent of the former and that both vans in the sume
direction under the wfluence of altered Avnamue states (Table 3)
Actualhy temparary and separate clamping of the nght wd left coro-
nin artenes shaws that both contnbute to the wtentor cardize vem
flow and as established by such clamping procedures the respectine
contrbutions of the two coronir arteries 15 \anable but the major
contnbution t5 from the nght corenar arteny  Approumatehy 50
10 97 per cent of right coronary arters mflon deuns mto the nght
atrumm by these channels while 2 somen hat smaller volume of an
tertor cardiac vein blood 15 dernved from the left cotonars artery
(Fig 333 The amount of antenor ¢ rdiac vemm flow {0talhce per
nute) ansing from the left coronaey artery 13 sufficient w mest 1
stances 1o account for most of the left coronar mflow which does
tot appear in the coromary wtts but whether a quuntitatne rela
tionstap ensts has not been established experimentally because of
the techmenl difficultn e smensuring flow smuhaneonsh m hoth
coronary artenes ind 1 all the superficial < enous ehanuels of the

heart  In oddion 3 sy small amount of blood from the nght
coTomry artery drtas imto the coronars sings

For exam;
evpenments wth tiw dog heart bestng i sifw and with Sx’: r:;hﬁt
coronars irters nfow approvamatiang, 13 ¢ per minute, tery 135 o}
damping of the nght coronar  artery alone or nft;r rI::
himpmg of the Yeft coronary artery reduced tl Lo

fom by 13104 ¢ he coronar sinus
< per mnute m 3 tevts b
%0 experiments 4 s but sas without effect 1n
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No consistent qu intitative relntionship between anterior cardie
van flow 1nd night coronary flow can be demonstrited  In 6 ex
periments (80 determinations) i which all major anterior cardiie
1uns were eannulated, the ritios of anterior eardiac vein outflon to
right coronary mflow under different conditions varied from 06 to
08 081t0143 03t010,05t0075 073t0137,md057ta09
Considerable vamation m the ratio would be expected smce the
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116 33 —Churt of data from different expeniments illustrating 1)
The relitite volumes of flow mea ured simultancou 1y m the right coron s
artery and anterior ¢irdiie vems  2) The source of the antertor cardiae
vem flov s shown by clamping of etther the left or right coronry arteny
iy each part the bar on the left represents the rate of right coronany mﬂo“d
and that on the nght the rate of ntenor earduac vein outflow Dottcd
lne (and areas) i each pur imndicte the control v atues for both arteral an
venons flons Solid lines (and wreas) repre ent the flow v alues after ehimping
of a coronary artery s ndicated below  Part A Flow in night ruromr:
artery 1ersus flow from all major anterjor cardiac 1eins before and duEma
oeclnsion of left coronary artery  *Epmnephrine given travenon h and no
control flows obtaned before acclusion of left coronary artery P\r:]
Flow n ight coronary artery Versus that from all major anterior m: ne
sems before 1nd dunn,, oedlusion of right coronary artery Pt C o‘mf
A for Part B except that anterior cardiie vein flow was measured from 2 Olle
of 4 1outof 2 and I out of 4 major AC vems respectively  Transvers
dotted lines and bars 1n upper part of chart men 10rtic blood pre ure‘
Tlow {cc per mun ) m nght coronary artery and anterior cardie WHZ} and
mean 10rtie bload pre sure (mm Hg) indic ted on ordinate cales  (Gregg

dal?)

o
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anterior caedite vens drain aress of the heart which are hs\im’m“:l";
both nght and left coronary artenes ence » small df '\n;:c]m
amount of biood contmbuted by the left coronary artert can m;l en
selatuels large effect on the ritio of total anterior cardt e van flos
onry flow ¢
m’rl:;t‘t;::cmtage of nght coronars wiflow draming through t\{n
uperfictal vens of the heart 13 considered mmmal since for tech
(el reasons Mo attempts were made to wedsure the outflow from
the smaller antersor cardiac vems the nght aunculer vems and
mam smll veins of the nght ventricle emptyng wio the great
curdiac vein il of which constitute channdls of et for Pblood sup-
phied to the nght hiestt by the right coronars arters * These find
tngs in the bentmg heatt make completels untenable the consention
ally sccepted behef that nearly all or even most of the right coro-
nary wnflow drams by way of the Thebestans mto the nght heast
Vost of the eoronars 1enous blood from each heart appears to drain
By way of its own svstem of superBeial verns 1t folows that the
studies of cantiac venous chammels flow partitions and Thebestan
dramage which hate been made n the past sathout measurement of
flow 1n the antenor cardiac seins should be subjected to a crtical
reevaluation before therr a soctated conclusions can be sceepted
From the u e of heart lung and 1solated heart preparations it has
been Jarmed that the Thebesian v essels dram most of the nght coro-
nam blood 1nto the nght ventneular cavits # 1 ¢ the functioniog
of the dramage sy stem of the night heart was presunied to be quite
different from that of the left heart # % It 1» syzmuficant that 1 such
studies 1t was assumned that all coronary venous blood not collected
tn the coronars stus and appeanng i the nght 1entricle must have
come largeh from the Thebesian vessel\  hatz of ol ¥ remnvesty
gated the problem by sepirating the coronary yenous dramage into
:::“a:r‘:::ad h\‘ i:t:flte\: bs an instrument made to expand 1w um
e I ¢ of the arteriovenous valves 3 con
‘::;r:b)e ;ex;nuq drunage wte the nght ventricle was agam found
hesm:g;;:: “::g:gwf t;m; a significant night entricufar The-
drowage a’éhese o me " mt 3 ;“ rmportant element 1 coronary
bat whether thys 1 \‘\ign:im S‘iﬂ e nat tan happen i a heart
ned espeenlls oes happen 1 2 normal heart rematns to
s sice the experiments were done by per

Tuswon of serum-saline muxtures th
rough the coro
esused non beating beart and the . ot e

possible effect of the presence of
t(t:iel:\s:;:usen(t “‘x‘m;] the outflow from the anterior cafdlaf' Tems
5 01 B hich ¢pen just
ey e of which Den just superior to the ting of the tricuspid

be determn
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Lumunal Vessels and Therr Function —Hustologic 1} studies m
dludwg seral sections, wax reconstructions, e mycetions, nd per
fuston experiments of the rolted heart,* hinv ¢ been used to demon
strate the presence ind distribution of Thebesian and haminal v essels
through which the coronary vesschs commume ite with the atml
and ventriculwr chambers of the hewrt  These chinnels are much
more 1bundant m the night ventricle  As alrerdy mdwted, expen
mentil studies with the heart bevting i min suggest that thee
tammnal vessels may function m onfy 2 hanted £1shion i the undis
turbed, normal heart and, to an extent very much less than pre
viously muntamed  Actually, although many expernments have
been devised to detormmme if, when, m which dircetion and to what
extent blood flows through the.c chanuels noue hs been sufficiently
conclusis e to Justify more than « specul tion as to whether they ever
function 1 the normal hert beating it sfu The eritieal objections
to most of the experiments can be resolved into erther {7) the as
sumption that all coronary venous blood entering the right atrum
and right ventricle, exclusive of that which enters from the coronary
sinus, has its orign m the Thebestin vessel> therchy 1gnonng the
cousiderahle venous flow from the anteror cerdme vems, wdjor
(2) the establishment by artificnl mampulation of decidedh bnor
mal pressure gricients between the cotonary vesstds and chambers
of the heart for the purpose of demonstriting whit are unplied ta be
the norm™ phy ssolog sea! magnstude aud directionl chmges m The-
besin flow

NORMAL CORONARY BLOOD FLOW

Left coronamy mnflow hiws been quantitated m the human subject
with the mtrous oxide method ¢ and m the open or closcd-chest dog
in good condition and with a good blood pressure, by the rota-
meter 1019 3 4 32740 hybble flon meter 7 * mtrous oxide method,?!
and by mewsurement of coronary stnus flow, ¢ and m the un
anesthetized dog by the mtrous ouide method @ The rwnge of
v alues 15 indicated m dable 4 The haghest 5 alues (151 ce /100 gm
left ventricle/mm ) have been obtamned m the unanesthebized dog
cutioushy, flow + 2lues m the normal human rre n the same range 1= m
the anesthetszed dog but both wre consideribly lower (05 to 100 ec /
100 gm left ventricl/mm ) than m the unmesthetized dog  No
figures are naihible for nght coroniry mflow m rdition to the
weight of the night ventricle  Total coronary flow salues rnging
from 50 tu 100 e /100 gm hewt/min kyve boen obtamed (5w the
wolated, denersated heart whose coromaris were fed by second
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Teart apd who e work output nas sm W 1 {2) n the hie yrt Sung pn];
argtion b metsunng coronary Smis ontflow {3 m the resaes

hurgan heart perfused at comtant pressure =3t desers s comment
that the flow 1 atues do not differ ntore wdeh m hew of the great
Siversits of methods techmiques and proaedores b the fact that

Tame § —% awwes yon Lurt Corovant Isrrow armt DirrrresT Mivions ¥
Variors PREP RATION
LitCo
T e M
e ton Blood

m Ir e -
Yt mm Hg ‘e irke
[4 !y.: :h; L-;tH 80 Ane th tized open-ctest dog  Flow 13
rotameter 1 left corpnary srtery
Grepg tal) 81 <0 Ave thet sed opencte t dog  Nitro1e
ox de method
Fakenhof tol 7 w Anentt etited dog M trous oxtlo mettad
Coodale ¢t of 1 138 Anesttetned dog Nitrous oxid mmett od
Harro ot af* o 18 orp! ited dog  Coronaty a nus flow
or
“pencer et of ¥ 151 Hg Unane thetized dog  “itrous onle
Toethiod
Bugdd [ [ Normsl human  Mtrous onide mett od

1 the Yatter procedure the heatt 13 entirely rumoved from sts permal
nervous and humoral control and pressure relations At present
these values should be conservatively consulered and no emphus
should be placed on anv of them as approimating the normnl figure
Thes should serve onbs as reference pomnts in expeniments  Mavimal
flow solues bave never Leen determmed n the nnesthetzed dog
Values approvaating, 300 ¢0 400 ce /100 gm left ventriclefmn have
been obtawed following epinepheine tjection
Flos in the left antertar aurteular arters of the heast lung prep-

aration (13 Mo dogs) ranges from 008 ot t0 0581 cc perencle!

1§ the heart rate does not exceed 100 per mmute this nould gine vers
large flows ($ to 38 ce per minute) to the left auncle

The Iraction of total cardiac output pas my through the coronan

antertes vares mtersels mith the eardine output  Generally this s
consdired 1o constitute about 4 ta 5 per cent of cardne output

lthough wuth rather low outputs (000 cc per mm) as much as ¢
Der eent of candiae output way fow through the artemes of the
!:.m ? Vath quite hugh cardiac output such a3 nduced by epineph

h;:)e(;{x)ﬁe;;u::x the coron s flow can be 12 t0 13 per eent of the tota)

PHASIC TLOW

gn(ll ‘lh‘(: al\mla\y\e methods for measurmg coronary blood flos fen
detarled mformation toncerming the trechaniams whih con
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trol 1t, because such studies nvolye certun difficulties not encoun
tered ehenhere m stmlar mestigitions upon the blood supply to
other org s of the bodv  The myocardinl wail of the left s entricle
not onlv furnishes the pressurc head for driving blood mto the coro-
nary arteries, but nlso offers phasic resistnce to coronars flow by
1ts muscular contriction around the vascular bed  Sumlih the
right ventricle crextes + ripidhy changing resistance to flow m ity
v wsculer bed 1t the sune time that the left ventricular contriction
presents blood to 1t under 4 pulsitile pressure head  Smice the pres
sure source for and the resistance to, coronary flow hayve a comnton
origin, the mesurement of phasie flow 1s the onlv method that ¢
permut exaluntion of the determmn wnts of coronary flow during sue
cessive moments of the cirdine evele

AB
[ puy

Ap

Tia 34 - Reproduction of orgmal record showing phasic mflow 1nto
ramus descendens anterior as obtained with the constant ‘preeaure meter
AP, aartie pressure CP central coronary pressure PP perfusing pressure
T phasic valume flow lowest curte 15 the peripheral coromary pressure ob-
tamed o few heartbeats later A B € D sertieal mtereepts at on et of
ometric contraction opemng of aortic valves on et of protodiastole and
onset of diastasis respectively At k'S stopeock turned to give con tant
infusion

Phasic flow and 1ts determinants have been studied by the meth
ods of differentiil pressure!? ® by the Pitat tube by the con
stant pressure flow meter, and by the onfice meter®™ * As
drerdy mdicated the results with the first method are not rehable

With the constant pressure meter flow mesurements nre necessar
i1y made with the centril coronary pressure muntamed constant
This method does not ey aluate the effcet of pul itions of the centril
coronary pressure and hence deductions can onls be made as to the
frctors determuming the peripheral resistance to flon 1 xammstion
of the various typreal curves obtamed i the left or night coronary
artery shows that although during systole coronary inflow 1~ 1;[‘
duced 1 defimite forward flow exists throughout the cardie cvele
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In figure 3¢ w whieh the crcumflex branch of the teft (nm‘r'\l wn
arter w8 perfused at essentially aortie s stolie pressure ‘\‘“ t“‘i
at potnt 3 the rate of flow begns to dintsh durng ““\“’;‘ “‘ &
(@ ¢ at the bemnning of the 1 ometne contriction period), deceler
ates fusther to B (opeving of acrtic valy ) and then remwns nih
wusely constant from B to € (art of protedivtole)  Dunng dustole
the rate of fion starts to werease 1t € (comeudent with the dechne
of penipberal coronary pressure curve) and reaches 4 mavmum
DG e atabout the dustotic 3 les of the penipheral coronars pres
sure curve)  Tor the yemunder of di wtole the ratc of flow e
“entifly constant  Reflection indicates thit since to obt un these
flow curses the coronry arteries were perfused at o rdatnely con
\tant pressire the pownts of mflection of the eurves should mirsor
the <uweessice changes 1 penpheral coronin resitance to flow
fetualls examwation of the peripheral coromry pressure w figur,
34 obtamed bs abrupth clamping the coronars arters a few hert
heats later m the same experument and recording the pressure i the
arters distal to the pomt of occtusion untl equiibrium occurred
810 10¢vcles) shows that thisistheca e

Aithough such curies wdheate that feft ventnenfar contraction
reduces sistalie flow at definute tune inters s the question of the
magnitude of such flon reductions 1s not so eastl anowered  Usy
alh the flow 15 not completeds arrested m sy tale ¢ ¢ noverraches
4 zero <lope when the perfuston pres ure Approumiates the anrty
sstalic pressure Howeser m different divnamic states and with
certatss drugs there mav be 1vstobe flow pomt of zero veloasty o
the sstulie flos man not be grevthy reduced a3 compired with the
diastolic ™

Eh i flow patterns have been recorded with the onifice meter m
the corofiars arteries and most penipheral arteries of the focally or
weverally westhietized dog under a great ranety of dvnamie state,

Tlow patterns {and simultanecus mira artertal Pressure curses)
charat tertic for the perphesd astenes are tlustrated m figure 3o
Tar clerer visuahization of the flow ratetime relationsbap in g en
wirve and 1o prrmit comparisons among difcrent curves the yoo
corded patterns have been rectified 1nd redr 1w to 4 inear ordinate
stale T xammation of 2 darge mumber of such recorded fiow cur:
bas made posuble the wentiBeatton of certatn ds tinguish -
deten 1ies ¥ 4\ flog, pottes pushung char
changes heve o quatn fa 5 13 wade up of waves whose direction)
the wmlt s ‘1‘ athe correspondence with gradient changes 1y

neowsh recorded antray ascular PILSsure pal:
pule and whl;

\a\a\ be tharacteristically distinctne for that artery and bed  Sin, .

ow velacits sanes with the differential pressure existing at the .,:;i
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of the flow metcr sumlrits 1n contour of the flow wnd 1pphed pres
sure pulse should be one criterion for the comparison of flow curves
from different artertes  Certan patterns espeendhy those of the
supertor mesenteric ind rend) arteries, hive 1 rither well rounded
wnd sustained sistolic portion m relative conformity to that of the
pressure pulse  Those of the hepatic and common carotid ~rteries
are less well rounded, those of the brachinl and femoral arteries have
1 sharp svstohe peah  The pulse pressure 15 seen to be small 1 the
case of the renal and axillary patterns somewhat larger 1 the supe
rior mesenteric ind hepatic, while that of the common earotid, nd
particularly the femoril pattern, 1s quite large  Back flow compo
nents have been consistentls found in the femoril and aullary pat
terns and are frequenth found 1n the common carotid patterns,
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Fi¢ 35 —Reproduction of ongnal pressure (upper) curves and flow
(muddle) curves as recorded mn the various arteries indicated  Lowest curves,
rectified reconstructions of original veloctty curves Pressure \alues (mm
Hyg) and flow rates (cc_per mim ) indicated as numbers on respective curves
Homnzontal lines with 0 zero flon  Heart rate numbers at bottom of each
<egment Dotted lines mean flow for each segment to wlnch ordinate acale
(ﬂm\ m cc per mun ) apphies  (Shipley, Gregg and Schroeder )

while the renal, hepatic, and superior mesentertc flow curves hne
exhibited only fornard flon  Iowever the main feature which per-
mits 2 separation of the curtes 15 the yvarability of the carly dias-
tolie rate of flow with respect to the presistolic rate  Compari-on
of this relationship with that of the correspondmmg el diastohe
and presystolic points on the pressure curve shows that the supertor
mesenterte, renal hepatie, common carotid axllary, and femoral
patterns have, on this basis 1 progressinely graded dissimilants to
therr respectiy e pressure curves
Inflow patterns for the coronary arteries are depicted m figure 36

In hearts 1n good condition the flow curve i the right coronary v



a
DISTRIBUTION OF CORONARY BLOOD FLOW 1

i coro
generath panmed aftet the nortic gmis}\tm p\\:-:nm; :;cer:n(md o
le that 1 the left coro!
QAT pressure curve whi! T pondins
hows no sumimts o
tumes v the night coronary) o idle
3 flow 15 almost altars presen
pressure CUTe Baoe! o the
tern but this s infrequ
the left coronary arten flow pat
l::«:.ht coronary and when present US tune of appearince 13 rmx;.h\)\
comparable to that for the periphernl artenes 1 € w late systole
v duastole
m’?\’us flow patterns 1 heleronymous asteries are found to M\u\n‘t‘
wide \ wations I magnitude tuing dircction and rate of flo v
10 sumianity of contours to their respective pre sure pubes

L AP i ‘
LY ‘ 3
° 0
vP

RT GOR RT GOR LEFT COR
Fic_of — Reproduction of ongina) sortie pressure (AP) curves coronary
Bow {CF) eurves and right Ventncular pressure VP curses  Numbers on
glynec“gmmres (mm Hg) and fow rates {cc per mm) O zero flow
me see

For the peripheral flow patterns tn figure 30 1 method of analvsrs
and interpret ition has been detcloped by means of which the prob-
able determmants of and interrelated influences upon phasic rate
of flos can be quantitats elv e dluated ¥ ¢ [tas 15 consadered
some detai] for its understandiny, Jass the groundwork for the con
sideration of the problem of the more complex coronars patterns
In figure 37 1w shonn & rectified recanstruetion of wn asteral flow
pittern and pressure curve from the femoral artery  Such a flow
ctrve 15 a record of the direction and velocity with which blood
flows by 2 pont i an artery supplomg vgnensa eularbed 1 nder
conditions of resonable constancs the mcan rate of arteral inflow
dunng acardiac o+ cle 18 equn alent to the existing me wn rate of blood
l;m\ through the bed (lme \LN)  The atets representmg volume
on which hie above (B E) and below (A € D F} the mean
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flow hine are equal by virtue of the mean position of the mean flow
lne (M M) Since the femoral s enous flow pattern h1s been found
to be essentilly a smooth * Iinear” flow curve correspondmng very
closcly to the mewn flow (e M M), 1t follons that from the pomt
of recording artern! mflon to that of recording senous outflow the
flow pattern has heen smoothed out presumabhy by Viscous resist
ance to flow and volume clistie moderition  Lhus the relitionship
of the pulsitile wternl inflow curve to its corresponding lmest
Inear venous outflow curse should mdicate the essential mechamsm

B
A
n' ! NN
¢
o )
o]
5

1ic 37 —Upper curie I reproduction of femoril arternsl pre ure
pule Middle curse V derned miravasculie tolume cune Lm\ct‘
curie F reconstrueted flow pattern rectified to hinear scale from origma
optical recording  Areis B E volume-elastic ncrements  Areis A 4
olume-elastic decrements  C aret of back flon  Interrupted line MM
menn flow level  Ling OO0 zero flow level  wynehronons vertical mtcreepts
for each cunve reading eonserutniely are 1) Oneet of fow and pre ;\l"?
ne 2 Maumal rates of forwrd flow and volume mcren ¢ 3} IM “‘
apphed pre_ure  4) Pomnt of maximal mntrivascular volume q") A "’"“‘“‘
rates of back flow and volume decrease  (Shipley Gregg and Schroeder *)
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responsible for the phasic slterations i rate of inflow, (flon pattern)
Sure an arterial s aseular tree s functianadly expnsible cham
ber as well as A tubulae condueting systew apphiertion of a cented
pressure head Wil grve mee to 2 pul atile change m the contamned
volume of that artertal tree The aren enclo ed by the mew flow
Tine zero flow fine and the tan mtescepts 1t bepanng and end of o
acle 1 figure 37 Tepre ents the volume of blood pas ing through
thebed Since the venous outflow can be repre ented as ewents R
astraght lne arca B and F above the mean flow ine represent a
\olume of blood taken 1o the artenal tree n eveess of that ey
the bed 1n the sace time wmterval  Sumibarly areas A C D T below
the mean flow hine represent an equal volume of blood which the
<aseudar tree does not accept during the same cvele and which 1
Te s b the same st 25 toe vobume of Bload lewng, the bed b
the same tune  During, the earls sistolie portion of the evele the
ascular tree has accommodated 41 olume greater than thitwhich e
run off perpherath during the late systohic and carls disstohc por
tion and & bick flos of blood » recorded  In the femorid veloerts
curve in figure 37 the amount of excess which cannot at once be in
¢luded m the periphertl ran-off 1s indicated as a definite back flow
{ure below the zcro flow hne)  Thus these pulsitile flow wAves
which accompant the pul.atide volume sanations distal to the meter
reflect the capraits of the artersil tree to distend and recorl during
the (vchie nse and fall of the apphied pressure pule
Insummar ther stace the rte of venous outfiow from the fom
oral bed 15 essentinllh constint and since most of the distensabl
sessels lie outside the muscle mass fed by the femoral arters the
mean flow fine i fgure 37 presumably represents the intramuen
e of flow “unce a7 addition the rate of s enous outflow from the
femora bed v esoentrnlly the same 15 the mean rate of arteriad wflow
i follons tht the algebruc difference between the arterid mflow
"{“ ;heﬁmle of venous ontflon represents the rite md direction of
tation DfD:;)el r;teﬁ\e (?‘dm Pattern 1s & continuous graphie represen
The \olumt‘-c')a ﬂt"’l;; U “;nft“)“ o \Ol“lil‘s“c ﬁc“ w ‘h? ‘m‘
At a radal dig hreo tﬂ tf weh raonded as an w5l fox v et
of the radiat ‘\xl) Nag m“:’ oo bood wathin the sesceh Lt dunctian
the moment I?he ern nt %l depend wpon the prevsure gradient at
character of the a: P‘:‘:(;“fe Fradient 15 n e detemmuned by the
and the w‘“mw\r;pt Pressure pul ¢ (rentral to the flow meter)
extrasa cular !|s~\\"z 1((' provert os of the arteral tree wnd adjacent
of retrograde \olumr‘e)le;;ﬁe;ﬂ 1 She meter) Whenener the rate
wxeeedls the rate of perghonal ow {centripetal ntravascular reeol)
pheral outflow  the arterial flow pattern will
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reveal a bich flow component Bact flow will be recorded at the
site of the meter whenever the applied perfusing pressure on the
central side of the meter 15 less than the pressure produced periph
eru to the meter as the result of the passive elastic recotl from the
arteral tree and surrounding tis.ue (and the active estrm weally
apphed pressure i the ease of the coronary trteries)

By graphic mtegration of the velocity curve, 1, the corresponding
volume pulse curve 1 has been constructed and plied m proper
tune relation with the veloerty curte nd pressure curve m figure 37
Phasie fluctuations m mtrayascular volume versus the accompam
ing flurtuations 1 apphied pressure he 1d constitute 2 special t pe of
V-F relatwnship  The dy numie fictors of inerts 1 and viscosits must
troduce considerible v artton 1n the magmtude wnd timmg of the
mtrwascular valume response to the 1pphed pressure change s
the result of mert1a, the volume change s lng behnd or possibh

1304

1204

1o

100+

- e S S e
2 | oz o3 o8 o8

Frc 3% -Graph showing a contiyous plot { dynamic ¥ E ame) of
'Lpp‘\(‘:d pres urcl:ersm mtrasasculir volume merement dered from ﬂg\\
cunve, ¥ figure 37 Orcdinate applied intrg artert 1l pressure m mm Hg
Absoies ntrara rular volume ncroment in cubn eentimeters Dots ol?
curne demarcate umform fime intervals (1,50 cycle length)  “umbere
dots indreate time selations of correspondingle numbered mtcrrem:‘n‘ﬁgum
37 Arrows indiente direction of progre-sion with time Imerrgpt x,ne‘?
presumptine trend of - statie V Beune (Shpley Greggand Schroeder @)
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overshoot its cotresponding change W apphied 1‘“’““:{\ ““‘l?r“r
coutr would ympo & 3 conmderable dnping and retuedation o |“
yclume tnange  In tns wetanee, W s abinions that the intena colar
otome change logs betund the Apphied pressure change The mig
stade of the combined effects of sicouty and mert1n s be better
\ssuated when svnchronous powts on the tno curves sn plorted
\gain t each other (See Tig 35 The dvname solume-els tie rehy
tion tup then appears 1s @ ontinuous renitous (Une whh
rowh different from the coneens Able i protnble smult weously
etnting stine yolumeehstic tane (me ) Ao comp wred to the
9t eunve the DS F eurve v dopliced firt anay from the 1ol
wine wxs dieing the major pressure i and then tow ard the solume
aas as the pressure fafls  Thy g of the volume change hehnd
pressure change throughout the cardiac evde presumably arses
Trgely {rom the dsnamic effects of viscomity

“urh topmderations have been most helpful i undertanduy, the
mechantsm of penpheral flon  Unfortumately the ambtical ap-
prosch for penpheral patteens does nat ncomprss all the fictors
which comprne the determinants of the coronar flow patterns  Fhe
caronary flow patterns are mare complex wnd a smilar inahvas for
them ht niot been found po wible because coronars venous eutflow
1 marhedlt put wtile and the coronary artennl pirttern b greath
mfluenced bt compression md relaxation of extrinsie ongn {extri
swinhr upport)  Honever muth has been leymed from a de
~npine gt to the coronaey flow patterns

In figure 3 13 a reproduction of 1 typiea! nortd phasw fow
curve ubtained from the anterior descending branch of the left coro
nary arters with the enfice meter 2nd which has been redeisn to 1
e e ordinate weale  Approxanatels at the onset of 1 omctne con
trutwn the tite of flow abrupth begans to dimimish and <oon P ey
below thy ero line to appear asback low With the onset af ¢ Jection
fromy the ventricle and the re of qortie pressure bk flow b
soina hes and g rapidly comerted to forw ard flow whieh renches o
:‘\‘a\unum shorth before the peak of the nortic pressure cume It

< dechney leveling off dumng the latter part of swetale Comar

dewt with the ddosure af the aortc salves and onset of 1sometric
relavation the wnflon y

ust riputh
il dechnes with the fiu\tr\lz‘ lf}:‘xll t;z‘:::?\ﬁ::& ;\:‘:(;‘ﬂ":: e
Inform tion coneerming phasic blood flaw wd sy determinants m
the night coronary artery 18 nat abundant  Typreal curies are re-
});xzdu(;:\\ l: figure 36 Reconstruction to < hinear ordmate scale
P‘npw m;:\;‘; 1*\:::‘(}" ponts of mflection with reference to the
s e the same as thowt for the Joft coronar
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wtery  Lhe vdoats curve tends ta follow that of the contral coro-
nary pubse, While the s elocits of svstohie flow m s approach er exeead
the diwstohe rate of flow 1t no potnt 1 wvstole dacs the rite of flow
approach zero or heeome back flow 151t so often docs m the lfeft
coronary artery

Phisic flow n the kft wtertor wricnlar artery of the heart Jung
prep weatton shows o forward flow i the aurtculir wters 1 both
svatole and drstole, with the flow pattern rescmblimg the nortie
pressure cure @ Smce the published vortic pressure pattan i -
typseal, mterpretation of thew phisi curves s difficalt

——
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Tic 39 —Reconstruction and compart on of tvpieal flow curves obt uned
with the onfice meter from the naterwar de cendiny, branc of the left core
mry axery 1 a <mll dog, and from the tight coroniry artery m a jage
dog AP, rrtic pres ure CI coronry inflow  Ordinates upper mm g
fow 1 ce per min Vertial mtercopt  demareate v tole and

Joner, Dotted hnes predicted mtramurd sefoetty eurve

drastolc

Phisk \Ttons 1 flow w the coronry vans durmy, the ¢ xr:hn
cvele have Been recorded by Johnson ind Yagger * wath the Pitat
tube m tht anesthetized  open chest dog A wizcible ..mﬂnf“ of
Plood from the toromiry quus is peesent throughout mo t of the
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rdae vde (b 40 There 1 one large Wave dunsg “stole
With the onset of the 1 pmetne contrietion period  svstolie flon
v en abrupthh 1o reach 4 peak at the begmmng of protodiy tole and
then deereases gradualis to reach sts Jonest velooity l1te m diastole
During diastole the vclocits of flow progressuely decre ves to ap-
provimate 7ero at ts end 1% The fact that dunng Lite diwstolc
flos through the coraniry smus 15 neghmble but w luge nto the
coronary arteries nd through the muvoctrdum 1> tahen to mewn
hat tost of the venous fow 1 fios time operates to th tend the
COTORIFY \ERI0Us Syatem

rihie charges w blood flow through the mitoner eardiv wuns
ha never been mewvured duce to technieal diffieulties A general
pittern and distribution of flon =umlit to that in the coron i wnus
would be expected

COR SINUS

P16 40 - Reproducticn of
record howmng selocit; bl
Leronaty  inus of the dog, as ohasred with Fitot mbe) "{p}‘éﬂ.ﬂ-ﬁ‘; :‘n:;:
s B ben:l‘;ers;‘é:}:‘:t ;J i?::;\;l:\r [;a:;& u{e lowe teurte coronary
rdimat
permin Time 000 <pp {Jabtmon and \“g’ger:’“; orommy e fon e

While such flow

curves repre
il present the

N normal flow 1t a coronary
nu(ﬂn\: l‘v:"t‘):; rﬁ: tu ;uf the moment to-moment rite of mflos and
A ’\he‘e Lﬁ‘l he mec) i fleetin,, tow Tequires detpled
et s (\x‘»} pmurds e complicated by solumeely ty
o 10 11 e wed 1l of aortic o wtnal Pressure and

T action o the coranars ses.els by ventricular <5
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wtery The veloaty cure tends to follow thit of the cantet coro-
nary pulse, while the veloaity of systolie flow mn pproich or eveeed
the diastolic rite of flow At no pomt  svstole doew the rate of flow
approach zero or become back flow 1s it <o often docs m the left
coronars artery

Phusic flow m the left antertor wriculir arters of the heut hung
preparation shows 1 forward flow m the aurculw artery m both
sistole and diastole with the flow pattern resembling the orhe
pressure curve ¥ Sinee the published vortic pressure pittern 1~ -
tipteal mterpretation of these phasie curves 1 difficult
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Fia 39 —Reconstruction and comparison of typicl flow curses obt nned
with the otifice weter from the anterior de cending branch of the left core
nars arfery an o sml dog and from the nght toronyry arters th 1 {ike
dog AP nortic pressure CF coronary mflow  Ordinate upper mm H:l
foser, flow m cc per min  Vertical mterccpt demarcate 3 tole and
distole  Dotted hnes predicted mtramural veloos euries

Pl wsic 3 wrations 1 flon m the coroniry vans dunmg, the Crdeic
el hue been recorded by Johnson ind Wiggers®® with the Fitot
tube w the westhctized open chist dog % e wle outflon of
hlood from the corenars wnus s pre ent throughout mo t of the
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ofsstolc at o just preceding protodsastole, and at the end of dn;tn]c
st preteding, Lometnic contraction are the factars relatmg to ¢ r;\
mirs! flow at a mmmum and hence the metered milan mn only
then approwmate a true measure of intramurat flow  If at these two
pownts the wiramural {1ctors nere compliteh semroved sepmate
estimates could be made of the two wmportant factors controthing
imtramuralflow 1 ¢ the state of contraction of the eoronan veasely
and their cxtras ascular support  This would be po sible beew et
the end of dustole estravascular compression 15 at & mummum
shile 8t the heght of intraventricular pressuse compression 1s ot a
maxunim

Whilethem ignttude of the alterations of themtrimuri flow cure
bt these extramural f1ctors has never been sati Factonh quantitated
possible patterns for mtramural flow in the tho coronary artenes
shich would follaw from the proceding analyvs are mcinded w fig
ure 39 as dotted lmey

The venous outflow curies car be simiatly analvzed with the
patts of imnumal extras aseular effect bewng, slo at Iate tinstole and
late sy tole

The effects on the flow pattern of changes m blood pressure heart
rate re 1stonce foad ¢rdiac ners e stimultion yalvular deficiencies

and drugs are multiple and have been separatels reporteds s 35 1
%% and will be conwdered Inter
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tole Ilence, during 1 considernble portion of the cardiac evele the
rate of mfloyw at the coronary ostium or outflow mto the right atrum
and flow through the myocardium must differ The mam factors
controling, intrumural flow are probably, (1) the 1ortic head of pres
sure, 1nd () the resistance to flow which m turn 1 dependent upon
the degree of contraction of the mtrmsic muscles of the coronar
vessels and the extent of extray ascular compression or support  The
factors causing the total rate of mflow or outflow to be greater or
Tess than intramural flow are, (1) the compressor action of ventric
ular systole on the coronary vessls and (9) the volume-elastic
effects produced by the pubating tortic or atril pressure  Vath
these factors m mind, 1t 15 desirible to know to what extent such
curives represent events m the coronan bed within the myocardnl
walls

A possible pieture for the Iatter refurred to the coronary mflow
curves as follows  During 1sometric contraction and early ejection
the blood in the deeper Iving and more strongly compressed coronars
vessels 15 forced bachw ard mto the larger proumal chnnels and by
thus contributing to the supplt of bload 11 adable for the less strong
Iy compressed and more superfienil vessels reduces the nflow from
the aorta  This fact 15 demonstrated by the nise of peripheril coro-
nary pressure and by the bick flow recorded by the constant pressurt
flon meter at approprate low perfusion pressures during 1sometric
contriction and ey ejection  \s the 1ortic pressure contmues to
rise the extramural flow inereases due to the incrensed distention and
therefore greater capacits of the more superficral sessel  Thn
effect also ceases 2t the penk of 10rtic pressure or shghth later due
to the merti of the moving column of blood During 1sometric
relasation and early diastole the compressed myocardial vessels are
rapudls released thus eausing the total mflow to exceed the actunl
intramural flow  As aortie pressure drops the expunsion of the
superfictal corontrs vessels 1s slowls reduced  thus deerewing the
totalrate of mflow below the intrimural flow At the end of duistole
both effects are mimmal

The magmitude of these effects 1s enough to produce considerable
Alterations of the flos curve (onstant flow meter studiest* ™
have shown that sentricular contriction and relivation may reduce
left coronars inflow durmg svstole by 50 per cent and augment earhy
dastolic flow by 20 to 50 per cent ¥ olume-elstic studies on the
coronary vessels & mdicate sumlarl that the change i capacity of
the vessels as 1 result of the evclic change of aortic pressure ma3

reach 25 to 50 per cent of the systolic flow
From such an analvsis 1t 1 deduced that onh during the hist part
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Chapter 6

THE DETERMINANTS OF CORONARY BIOOD
FLOW AND THEIR EVALUATION

ACCURATE estimates of the changes 1 the gross vasomotor state
of the coronary visculir bed are of first mmportance to n under
standing of the mechanisms which control coronary flon  The de
termmants of coronar flow have been partills mdicated m con
sideration of the phasic flow curves As 1n anv other vascular bed
the influences controlling coroniry blood flow are comprised of both
physicdl ind chemicil factors  The flow vares directly with the
size of the vascular bed, the pressure head nd nverselv with the
back pressure at the end of the system and the viscons resistinee
encountered 1n transit through the entire bed  Aortic blood pressur
determmnes the hed pressure applied at the coronary onfices nght
urrd pressure (amd to 1 smaller extent, pressure i the right v entricle)
determmes yenous back pressure Viscous resistance to flow 15 de
termmed by the static ind dvnamre effects of the viscosity of the
blood and the hore of the blood vessels In the smallest caliber
wrteries the mean pressure pprovimates that at the aortic valves
while m the  ipillaries the pressure approsimates 15 to 20 mm Hg
Hence most of the vascular reststance to flow or change n vessel
cahiber affecting peripheral resistance lies 1n the arterioles or vessels
of the order of 1 mlhmeter in diimeter Their bore may be altered
bv 8 fictors passiie compression ind relaxation resultng from
rhythmieal mvocardial contraction (extrwvascular support) actie
vasomotor changes 1 the vessels nduced by nert ous and/or humoral
influences upon their mtrinsic muscles and the internal 1pplied pres
sure head

METHODS FOR ESTIMATING DETERMINANTS
OF BLOOD FLOW CHANGES

Changes m aortic or central coronary pressure senous atrial and
ventricular pressure cn be readily determined by the use of appro-
priate procedures and pressure minometers % s indicated m
Chapter 3

Y 1scouts reststance to coronary flow 1s governed for the most part
by the mean caliber of the coronary v1scular bed  Since by defim
tion total peripheral resistance (TPR) 1n the coronary vascular bed

(104)
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equaky medn central coronarsy pressure/me an coronan 1\‘;‘“\“ T&'\\\)-\'\
1n the £To\s Yasomotor s1ate (1¥R) of the coronan o e be e
ogured bs correlabing as 1 smple Tino the centerl cOTOnATY PIES
wnze with the corre. ponding men COrPMArs whow  Tha a chanie
in eiber the flon, or pre-sure without hinge 0 the other wohd
mdigte a change m TPR (mean bore of the toropars bed wiwle
proportinate change 1 both Bew and pressure would mdieate ne
dtergton 1 §PR Hoseser the application of such an wmdex
futed apd must be made with cantion Sueh an mdes does not
take 10to 10 ount vicen ity effects whith 1 s danamie s tem M
gt 11 € 1o connderble yamton 1 the Tehhion Inp ol mea peee
sure 1o mean rate of flon for which approprate e firo torrechon
canes are ot avadble ® Nevertheless 1 grows change i the vaso-
1motor state of the roronars hed can e reganled as hning occirred
when a large increase 0 coronapy mflow 1 nduced sathons hange
tacental coronary pressure when coronars inflow deere yes greuh
without an nerease 1n coponary pressure or when Jon ang pressun
underga large chinges in appowte disections

Oy partal uetess hos tewlted from attempts to wdohy and
¢ mate -eparatels the changes n the two MmNt e pte }
variables wiuch control the caliber of the coronary vessels pamehy
actng \a omotor changes in the 1es ely tnduced by nervous anidjor
chemical mfluence upon their wthnsic muscles and extras wseulir
compression (support) and relaxation

s et unsatied © the problem of deterrumog the relationsp of
blood flow 10 ctine s momotor ehanges itrepectne of whether the
eflect on the mtrnsic muscles 1§ the e atiars sessels 15 mediated
ity the Mopd vtream ar 1y secondar Lo metddohe changes w tne
surrounding myceatdiom 32 2+ Rnown how muth eoronary flow
might chisnge with & gven <hange m coronan pertusing pressurt
Sithout a s orated actue thange tn the + wotmotor state of the
bed  Ditermmation of a1 t10¢ 3 4rintions sm \a~omotor tone i the
coromyms bed v fyrther comphcated b unc bt haniel
?;;u;mt:“:":‘“"m may oceur 1 the revpet trse durations of systole

n which peniods the rites of flow e ant of tme man

be quite different and thus obsenve am actiie Tasomator changes
It bas been ugge ted that bs anatvasof Phase wilon curves such
35 thone des ibed earlter {Chapter 5) tha changesn the vasometor
ita;e and extras aseulae support can be seporatels determined (ot
:1 ;):lf::’s o\n ‘?‘m\ curves hate been sefected m late dhastole and
s B}mﬁxxc time the 72 ¢ of change of the solumescnstic and
. 1 ) ompressian forces are presumed to be mmal ¢ At
astohe pont extras asculyr forces see at o minmam and the
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rite of flow reflects the v somotor stitc of the coron s hed 1t the
sistolie pomt, extrnascular support 1s maximal and the flow 1 sud
to reflect the combined ¢fleet of myocardidl compression and the
existing \isomotor state At these ponts the ratio of the vorti
pressure to the simultweously existing rate of flow 1s dctermmed
(See Tig 39 p 95) A shuft m the distolic ritio 15 taken to repre
sent active constriction or dil itation of the coronary bed  Changes
1n the extrayascul ir compressing force are determined by compartog
the svstolie and diastolie ratios =3 Such deductions requure the
necessary proof of the 2bility of an mdirect 1nalvsis to mdicate cor
rectly the netual occurrences  Some of the assumptions upon which
the salidity of the method must necessanly depend are, that (1) 2
time pertod exists m which, throughout most of the mocardim
contriction of the myvocardial fibers on the lumma of the whole
coropary bed 15 exerted cweentially stmultaneoush  (2) rates of flow
tahen at the cnitical pomts represent flow through the myocardium,
(3) rate of flow 1s hinear in both systole and diastole with respect to
pressure  Until these e verified experimentalls such  svstem of
interpret1tion cannot be regarded s having v sound hydrodyname
basts

The problem of determining the magnitude of extrvascular sup
port has been approachcd in different navs It has been suggested
that mtramural pressure can be used 1s a meisure of extrivascular
compression and ttempts have been made to quantitate the pres
sure developed withm the wall of the left ventricle durning systole
and to use 1t 1 a measure of extruaseulir support  Johnson and
D1 Palma®® o mserted an arters segment through the left myocardial
wll partllel to the left descendens and it different depths One
end of the segment was connected to wn optical manometer nd the
other end to the pressure svstem supplyving the manometer  The
wrtert segment was mitrlly mflated to 200 mm Hg or more, to gne
 ngwd svstem so that my pressure merement apphicd to the outstde
surfice of the arters would produce 1 constint and equal ineroment
of pressure on the made By ths means it w1s believed posable to
determine the pressure developed by the mvocardmm s 1t con
tricted agamst the embedded irtery w¢ument by measuring the nise
1n pressure within the artery during systole It was found that when
the arters was placed superfierlls m the left myocardium the re
corded mtrams o trdrl pressure pulse vared from less than to kreat
er than the aortic systolic pressure when the segment w 1s pl wed at
o depth 1bout one half the ventricular wall thickness the pressitre
pulse recorded alwvs constderably cxceeded the r0rtic sy stolic pres
sure In similar cxperiments Gregg et al * also found that the pres



plin
DETERMINANTS OF CORON 1R} BLOOD FLOW 1

are pul e recorded from m ybeddded Lessed (or e wrdid llln‘K‘\\\llt
r:frf‘h}ld connected by needle 1o wm optic Al mwometer) ;.‘4 n;;; l o
con iderably greater than the aortic pressun (l"fx ‘41 D
ever on the baws uf further experument A work A u;el pm‘( e
believed to be n part \mihct‘\n\\\ :\-w(l\‘\:‘e(:’ "(\\\'l:“w|:“ e
approvimate the correct value for mtrum
sg-‘:\(e eruelh tht atramnoerdial pressure e(cmh‘u;\(l\l':'c‘i(‘l':;
pressure during, systole  Ynsupport of ths dishelief are the n: onng
espermment ) findings {1y The pre~ wee pulse from an m‘:r e
cardin] pocket of flmd 1nereases Progre vl to v alnes pre 7o
aorte s\ talic pressure upon raLmy the distolic pre~ wre

AP e e

e O O | )

15

5

S S pm by 521 e ot
o ol

a 8 4 D

Fic 41 -A B reproduction of e.ments of records howing, the com
paratie effect of sortie constnehon en the pres ure puf<es recorded from
the aorta and from an artenal segment tmbedded 1n the left ventricular
sall C sortie presure and pres ure pule from a vessel segment pro-
teeted by a fene trated mefa) seeve and mbedded parallel to the left

de<cendens and to approumately one-half the depth of the myocardim
D after removal of protectine leeve

AP sortic precure I1MP itra
mural precure Time 02sec (Greg and Eckstenn 4

pocket of flmd and hence 1t could well be 2 function of the degree
of lovahized muscle stretch induced by the apphed mterny pressure

) When blood from the aorta flons through « deeply 1mbedded
segment 4 systoli flow often oceurs  (3) Pressure pul es recorded
Trom g veecel segment 1n the left sentrcular cavity {or wall) mas

have 2 t0 4 times the ordinate value of the wtrasentricular pressure
although uwually the v alues are somewhat lower 4) Protectson of
the segment 1n the cavity or w Al by & loose fitting fenestrted up
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or retract1ble fenestrated sleeve reduces the recorded pressure pule
1 the Jeft ventnicular ety to values approsimating aortic svotolic
and 1n the myocardium, to values approximating or somew hat less
than aortic pressure (Tg 41 C, D) Iowever theoretical and ex
pertmental evidence (from 2 mechanical model) show ed that pressure
transfer exceeds considertbhy 100 per cent when there 1> mosement
wd distortion of the segment and that transfer through 1 protected
segment 1s generalls not complete Trom thus, 1t 15 felt that although
the use of vessel segments mav give directional changes, weeurite
quantitatis e measurement 15 not possible by this method

1he masimum pressure trinsmitted during svstole from the mvo
cardium mto 4 coronars artery penipherl to the point of temporary
occlusion of that artery, has been recorded 1n many dynamic states
and his been used as an mdex of extravascular compression,* (See
lig 17 p 52) However m such a svstem, elevation of the ntra
coronars vessel pressure durmg systole 15 related not only to the ex
ternal compressing force of the myocardial fibers but to the relatrre
fulness of the bed and the ease with wlich the trapped blood ¢ run
off peripherally through the cipillaries (v asomotor state) In order
thit chwnges in extras aseular eompression may be accuratels mdi
cited 1t 15 necessary that the 1 isomotor stite of the bed and its
relative fulness remun unchanged  Since 1t 1s not possible to con
trol or predict the constancy of these v ariables, the method should
not be used

EVALUATION OF CORONARY FLOW DETERMINANTS
UNDER DIFFERENT DYNAMIC CONDITIONS

The blood supply of the heart must be ripidly dapted to 1ts
suddenly changing needs How tius adaptition 15 effected 15 of the
utmost 1mportance The pressure relations 1n the coronary arteries
ind coronary vems the cardiie nerves and possible reflexes changmg
mput and output loads the blood chemicals gwes wnd heurt rate
must all be considered  Different views have been expressed 1s to
the dommant controlling mechanism

{ Coronary flow mav be lirgels governed passivels by the aortic
(or central coronary) pressure the degree of extrw ascular support
and the pressure in the right atrium  Thus changing eardiac output
perlpheml resistance, and heart rate would largely alter coronary n
flow by varntions central coronary pressure extriy ascular sup-

port, wd right atrt 1l pressure
> Coronars flon mav be altered by reflex action of the cardne
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perves directhy om the intrinsie emm‘t!\ muscles of the caronrrs ves
T ta relas or to constrict
&e\; c'{.x‘\;:\:f;\\t{‘;‘\w man be putom cathy dqusted to the mvt'\\mhi
seeds of theheart b activ ¢ coronars dilation or constriction indued
by Yocg) chermicometabohc nfluentes amubg from chnges m the
metaboh m (3nd work) of the heart
4 The corenary flow change mu arine from combuntions of
these posinities werghted differently
Tn past studies of the detetrnunts of cotosian BHlond flow the
\enous drunage s tems of the ts0 sentricles were canaulered to
operate wn fundamentally dufferent wavs and loeal mwechamenl forees
were beheved to be more potent m regulitng flow than the chemral
or humaral nfluences  There his been a tendeney to stress results
ehtatned n sttuations where although certmn flow determmants
wete vy and completels conteolled 1t was neither powible to
guge the phasologieal normalcy of the prepiration nor to dever
mine the nfiuence of the uncontrollable v inibles  Tecent studses
in the dog have led to 1 reexamination of certun beheds nasmuch
a2 severd new anatomieal wnd functional concepts hate anvn con
termng the coronars venou svstem collateral  the coromary flow
respome ta drag to merea ed cardine fowd and to cardiie norvg
tinuation Such modsfications of our working knowledge of the
coronin crculation has {offoned the wmtreduction of new method
and mstruments and new and revised experiment ) procedures
Coronary Artenal Blood Pressure —The mechnn ms concerned in
alterations of coronany flow followsng, arute eler i or depression
of central corenam pressute hast been vnb partindh clucidited Tt
1 easy to demonstrate i the dog with the heart beatiy, in afn that
coronrs wflow Increases greath when 1 coronws rtery (right or
Teft) 3. perfitsed with blood from A constant pressure flow meter at
progrexavely mtse vang presures ot that the snflon decreases 1 thie
perfu ton pressure s losersd  16"ss g an acute mcre e 1 wartic
blood pressure by 2 clamp on the aorta flow measuraments i the
left coromars arters wath the orifice plate meter rotmeter 47 con
o s bl o e i o
i3 am flot smete wes conder i
As recarded with the onfiec meter Yoth the svutolc and drstoli
Bows werese throughout the cardiae evele T 2 Wath
e i}:};:‘::::r erﬂl:‘;::“;’& mfan aho incret ess Gy
her geadunthy either spontan
catsdy of sith Bamonorp x use impection (subdural) lef
wflow 2% o generaity decreases B eft coron ey

Hownever in both night and lefy hearts there is no et relationship
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between coronary flow nd the rrtic or centrl coronry pressire
change the effect on flow of a given pressure change + irving from
7ero to 1 very large one  Right or left coronwry mflow (1s mesured
by an onfice meter or rotameter with the infusion pressure hept

5 00235 HR 114 5-0077  HRIS
D o0 oess 04CL /M D-D24 364CCIM
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Fic 42 —Reproduction of records showing the effect of aortic compre~
sion on blood flow 1n the left descendens artery  Vertical lmes A, B ap-
proxamate ends of diastole and systole AP aortie pressure CP, central
coronary pre sure CI' coronary mflow Ordinate, rate of flow 1n cc /min
Sand D flow during systole and drastole O zero flon Tmme 02 ec
(Green and Gregg )

” - -

Tic 43 —Reproduction of records showing the effect of wrtic con tric
tion (A) and releise (B) on total left coroniry nflow as me1 ured with the
rotameter Detail mtext

constant) m 1y merease greath when right or ldt vanteculr pres
sure 1s ¢l ited by 2 pulmonary arters or aortic chmp ¢ s Nucjl
 trend for the nght coroniry arters 1s lustrated in expernments 12
Iyof Tible 2 p 81 Ihus hk of correlation of pressurc i Ilm\lh
espeertlls ey 1dent when nortic pressurc 15 abrupth mcrewsed or de

creased by an aortic clump  The flow changes in the left coronry
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arters withboth procedures we Whastrated w figure 41 Infigurc 43 4
the coronary inflow il 1 e and then §itls can wderabls whtle
central coronan presiure 13 ‘pmg)M\\d\ n mg following mechan
cal comstriction of the aorty In thi i timee Cleulations wdiete
that the total pe wphertl reistance (pr:\sun}ﬂm\) decreves greath
from 1 %0 o 076 dusimg the perh of the flow curse md than 1w
erea es greath to 2o s the fow fills  In e 43 B the ravee
fion change ecour @ e 0Tte Vlood preswire Progee v ch falls
follonmy sbrupt Televe of the tortic clunp the coroney flow un
1alls decres es and then mcre & Punmg thes tune thee Acuilatext
total perpheral rewstance anered & during the trough of the flon
cune from 19 to 40 and then decrerses groiy o 1 s the flow

1eceM
otan

T 44 Traomg of onginal curs,

este hos the penph

fn . anior e comting, b of i el e ey X s
essure  Middle rurve fuss cgrve

Y:I{hhﬂ &t & con tant pre~sure of 82 mm g ln\w‘«’tﬂrx\:r(;rcﬂ“f::zy N

onary artens perfu edat 12om He  Fagures at mght )m!x‘c‘a{:;m

rate of flow at mad 3 tole and late d
cattine A T inducate sy 1ol a:ﬂ d!"l’ktgl);e for the twoflox curves. Sert

nses  Although these chinges must 1 e e
;‘\l :( ‘uki:‘:‘:mnl 1 the mean bote of the mr\;::r: f;;:‘l;‘ :t\‘::;:;tm‘
u \\‘“{ “ :‘g::\mon‘of uch flow changes ts not avulabl due.‘("
bk ol o “|‘R ‘i‘:’f." hods for mvestipation The fact that the l"
rent i 10 o wereasedd blood prewsure i figure 33 §  the
with decrensed blood pressure 1n Byure 4;“;} o
are
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wellunder wav before 4 significant change m blood pressire suggests
that the lterations 1n peripheral resistance are m part under nert

ous mfluence  The delved merease i TPR 1 figure 43 1 could
well arise from the earlier over ovyvgenation or washmg out of loeal
metabolites from the mvocardium The dels ed decrease 1n periph

eral resistince m figure 43 B could well be related to the probable
mox or the wecumulation of met 1bolites during the preceding period
of reduced coronary flow Fanally the caleulated changes m periph
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Fia 40 —Reproduction of records showing compari on of presure
curves from the aorta (AP) coronary arteny (CP) and the coronan mud
or great cardiac vem (SP or VP) under differcnt dynamue conditions '\nB
with different degrees of venous constriction A normal relation hip !
and C coronary <inus pressure tmmediately followng smus oecln on 1
coronary sinus elosed and pressure measured through a branch of the greit
cardiac vem E great cirdiac vein pre sure one month after coroniry inus
ligation Time 002 and 0 2<cc
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exal resistance are 1 part related 10 the experment Fut ob ;-n e;\
some veats ago that as i the renal™ and other vasentar bes ‘n‘)
Infirste teststance to coronars flow exists the prevunee of a sperble
cotonar pressure 1 ¢ coronany snflow ceses when corenan “p(‘b
fston prewure w st eonsderble Thas w1t teted i x'm'l ow
curves Tep oduced w figure H which e tvpreal of many such ex
peruments  In tins the anterior descending branch of the left evro-
nary rters wis perfu ed 1t 1 canstant pressure be the method of
Cregg and Green & $s the coroniry perlivion pressitre Wi Jirte
gresapvels lonered forward flow during the cardin eride esentiathy
tensed at a perfo 1on pres nreof 12 mm Hp

Coronaty Fenous Pressute — ‘The \enous pressare in the greit
carde e of the anesthetized dog with or without open chest

ApprovmAtes “—E’ mm g (See Big 46 120 % the sadues for
3

the coron iy sings ik antenior eardiac veins are copsiderabhy lawer
whil, that m the nght atrum mto 8luch the coron s blood druns
approvimates 0-5 mm g Therr effect on coronary wflown 15 pot
bnown 1 the svsteimi \enous presure of night atsnd pres ure 8
ucres ed ome would eqpect that the pressttre weret e wanld b
transmutted to the coronry vests which cnpty mto the npht itntin
4 & that the resudtant inereise 1m coropar venaus pressurc wpbld
derrex e hoth mght and left coronan nflow  Jloweser the isfhnence
of these pressares on coronary fios 15 Miffeult to tudy for the sn
duced changss 1 ther Je ] to other Candinds nume Aterations o
wproach to the problem has been mide s studumg the (ffeet of
hgrtwn of the coronany venous drinage < stem on coronany nfiow
Wath the heart beating 1 nife acute cotonars smus closure e o
cangestion of the left ventrile (but not of the nght ventncle or
aina) a preath elecated vener s p essure m 8 e cotonary sipus And
#eett cardine vein often approvmting or (Xeeedmp aortie s stobe
Presure® = (ag 437 € D) hut the flon reductian i the loft envo-
nir arters or s mejor branches 1> small averaging 8 per eent 1 1Q
dog % (Table 5 etpts 3 and 6)  However the senous outflon
meg ared simultaneousls w <eserdd major terior cardiac Scins
wowed es grents (Table  ewpts 3 wnd ) Suilar TESPONSen (LU
when the mat \enows deaissm Chinmels of the night heart the
:;1\':\": {;“';rd‘;:‘; :«:; 's;;:n n:)(‘x::«‘\;d 0 wate uwnmm(’s npht tore
# dufferent experunents (Table )L rte Tty R Tt
expts Tind §)

I stte expenvienss pulmonar arter constrction 1 the pres-
ence of previows higatson of Ahe anterir earhac veins sl mu-.pes Y
W.mﬁlsam augmentation of night caronary nflow {Table » oept 3)
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TaBLE 5 —LrFECT oF SUPERFICTAL CoRoNARY VENOLS ST4 18 0y
Caronary Broop FLow

Mean Arterial Venous
Aortic Pressure Inflon Outflow
——— e
Expt Before During Before Durtng Before During
Mo mmHg mm Hp ccjmin cefmn ccimun ec/min Remarks
Right Coronary ACemns
1 9 92 42 132 Coronary sinu oceluton (4

) on \Cremfion low
measured 1n 4C Ve neare t
pulmonary conus
2 % W 5C 126 Coronary mus oceluton (7
min ) on AC vemn flow Tlow
men ured 1n 3 of 4 major AC
vems
3 €7 a7 16 19 Pulmonary nrtery con triction
vs right cor flow with all
major AC_vemns previou ly
hgated  Right ventrcular
pre ure rose from 150 to
. 302 mm Hg
4 7. 2 9 125 Pulmonary artery con triction
vs right coronary flow with
all groxly v11ble AC vems
and coronary smus ligated §
i previou Iy Right ven
tricular pressure ro e from
130to4. 2mm Hg
Left Cire
5 103 10 20 2 Coronary sinus occtu 1on (b
mn ) s left orcumflex £
(nun:mal effect)
[ 50 20 10 Coronary smnus ocelu ion (3
min ) vs left ercumfles flow
{manimal effect)
Right Coranary
4 o Occlusion of major AC vemns
v nght coronary flow (M¥¥1
mal effect)
8 100 85 115 1l Occla ton of major AC semns
1s night coronary flow (mum
mal effect)

Tmally occluston of both the coroniry sinus and all grossh visible
anterior cardiie vems reduces inflow further but the hearts generilly
survive and coronary inflow increases with mere 1ed lowd (1 ible o
expt 4) T'ven with chromie hgation of the wnteror eardie vems
and the coronary smus the periplicrid corontry venous pressure
returns tow ard normal within 30 dave s (g 451)

Trom these obsery 1tions 1t does not seem hihely that 1 consider-
able eley ition of rght 1tmal pressure will influence sigmfic tly
coronary mflow m the norml heart

Extravascular Support —As indicrted erlier there are no (xpert
ments or methods by which chinges mn this import it deterpunnt
of coromars Hlow ein be unequrs ocally detected m the betmg hert
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Tre umabhy extriv wenlar support i3 abrapth wmd targds reduced
when ventncular fbnilation oreurs for coromns inflos ]?,rt‘“;““'
mmediately and gretls when the coronar vessels are PU“N“ at
acanstant pressure * & Howeser 1t must be bornem mm:} that ({on
comitantls ewdne carbohvdrate metabolom wmereq e which v
afso hnown ta be assocrrted s ith an mereise in the men bare of the
coronan bed
Eifects of Asphyxiz Anowia Kypereapuia, sud Myocardial Ische
@ 00 Goronary Tuflow - The chemical composition af the blood and
tissue fuids ithin the heart has been found to be of great impor-
tance in determiming the » olume of coranary flow
Ssphiea m shich the carbon dioside content of the btowd 1
creses and the 0% gent content derteses sumult weoushy from ces
tion of breathing 15 accompanted bt lrge tieT s i coton s
flow in the anesthetized dog  Vithm thurts to wixts seconds alter
s wtion of rspiration the flon n both sistole nd dintole n
creases ateraging about 200 per cent and occurs before any igmh
cant change n ot prew ure or he ut rite
When the ongen content of the artenal hload = decreved by
breathing msctures of arr and sttrogen or o gen utthzation s pre-
vented b the mjection of Giamde the resultint anovua wduces
profound merea es (200 to 300 per cent) m coronars artend wflow
wthe ane thetized deg =™ heart lung preparihon  psohared heart ®
and fbnblating Feart®  The wmeren € w coronamy smflow precedes
1ny change i heart rate or blood pressure and mavamal dilatation
ot when the artenal tnration falls to 20 per cent (heart lung
preparation) and to o0 per cent (heart m nie) of normal oxvgen
apwem
Carban diorade added to the air mhaled 1 concentmtions of > 10
Sper cent can be admm tered unul slowtag of the heart, premature,
sstaks and dechine of wrtie pressure occur bt s ithout wigmfic it
change w ean or phasic corom i mflow 23 Jloweser m the
heart fung prepration ® and wolated perfused revned human
bewrt ¢ admmstration of carbon dinade leads to A ronsderable 1
«rease n coronant mflow
Alter refease of tumporry ocelu 1on of a coronny rtert mean
coronars inflon ncreases almast immeditels n the wolated heart
hl"l"\:“l\l“n\rv;\ wation = 1wd 1o the dog sheartheating, sl 4 % 4
ugmented s s asts throughout sy stole and diactole (g 46y
¥ amaxm il J00 16 300 per cent of the controd) within abaut forts
g\\e seconds i veturns to normal Sathin one to three minutes
r-x:Lc :Y{‘::matnﬂlm Te pumse octurs without blood pressure or henrt
B 1ned s genersliy renched b fore 2 significant mpurment
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of myvocardial contraction accurs (25 indicated by 2 lack of svstolic
extenston rccorded with the myograph)  When 2 coronary arters
15 onlv moderately constricted, the flow 15 only temporarihy reduced
wnd may return to the control les el unless the degree of constriction
1s extreme  Presumably, this compensatory nsodilation exists m
man and operates to 1 ord the untoward effects of temporary ische-
min which mav appear during exercise and angina pectoris
Resistance changes cn be demonstrated m the coronary bed when
the vessels are perfused 1t 1 arious pressures with the cudiie work
kept constant t When, n the open-chest dog the left coronar

CONTROL' PARYMIL ISCHEMIA
o~ .
i

v v
2218 Al B 22 IR
s-0017 HR 13 s 0052 MRS
o o8 9scc/M b o7 o9cce.

Fre 46 —Reproduction of records showing the effect of temporary
1scherma on blood flow 1n the ramus descendens anterior CP  coroniry
pressure CT, coronary wnflow AP aortie pressure vertieal hncs A B m
dicate approumate end of dustole and systole S and D flow during,
systole and diastole  Time 02 <ec (Green and Gregg )

artery 15 perfused at 1 constant pressure and mflow 15 mesured by
4 rotameter or orifice meter there 15 4 raprd and marhed merease
coronary vascular resistance within a few seconds following elevation
of the perfuston pressure from Aortic to 4 pressure tbove aortic
Similarly  when the perfusion pressure 15 decreased below aortic
there 15 a marhed reduction m vascular resistance It 15 beheved
that these changes represent automatic shifts m the size of the coro
pany vascular bed 1nd i sascular resistance wlhich serve to meet
the metabolic needs of the myoeardium  Whether they arc related
to the oxygen supph and demwnd or to the relatie amount of
metabolites washed a% 13 1> not hnown

In summart since the coronary flow response to hvporeipnia is
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neghzible whereas the fiow effect of systemse '\no‘ln p‘mduct-d }n
artiiral respiration with it and matvogen and of Toeal anown b
under perfusion ad macardial anoxs produced by ey wmde tajec-
40 wntn the coronary orters are smibr it 13 concluded that thes
alt depend upon the anoaa produced and probabls upon tins anovia
betng present 1 the v ocardium - Swce the Blood pires ure does not
change and the atso of pressure to fiow mereves threughout the
cardiae evcle 1t is also conchided tht anova equses o relveation of
the nalls of the coronars vessels  To what evtent this 18 netne
that 1> a direct effect on smooth muscle of the coronin vessels and
tonht extent of amv extrat eular support has been fowered can
niat be told 1 these expenuments although efforts have been made
todoso®
The mecham m bs which anetn operates 10 mere te caronar i
flon 1 notelear Presumably wn this situation metabohtes accumn
fate but thor niture 13 anknown  In the hetrt Jung preparttion
roronart inflow generaliv progressivels mcreases as the expenment
continues and substances accumulatmg n the senous bload appar
enth cause coronary dilation when remfnsed mio the coronary at
teries % 8 flonerer Hiton and Fichalte® could not confirm this
for replacement of the blood that had eirculated for <ome time by
fre h defibrinated blood did not siymficantty alter the coronary flon
Stmilarls coronary flow 15 mereased when with the heart beating
1 sifu coronr sis blood or mrted venous bivod 1 mfused mto
the coronam artenes Thetamine and metabolites such as adeno-
sne ademne sdenshe aod and breth-down products of nuclec
atidy merease the coropary flow in the humn heart lung prepara
tion and hewrt ot t % However 1t rematns to be dunonstrated
that the concentrations of these substances merease mithin the my o
cardwm durag anoa or mereased effort of the heart
Respanses of Coronary Carcalation to Augmented Lazd ~Gf P
tieular imterest has been the subject of the coronar flow response to
changes in the working lowd of the right and left hearts  In exper
ments sith the heart Yung and comparable preparations (but ex
cludin,, those w whuch the v are mtaet) elevation of nght ven
toieutar pressure by constriction of the pulmonar, arters or dleva
;:::n‘: ::;:‘:r“:tcekg:: ‘l)‘;:iz\:lrt; !)7!\33 aobmc comstnetion (coronars per
een demonstrated to cause a
veduetion i blood flow tothe myoeardus of the nght and Jeft he:
:ﬁ;&“fﬂ; ":;1 ‘;“ ”tThe gm decrease 1 attributed 1o the domx:;;
of the direct mechamea!
viger of the heart andlor the es!t;g::‘;x“rx::tacfm“ o e teseased
sure gradient e_pecially for the nght ot on unfa oeable pres
aht caranan arters drawage via
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116 47 —Reproduction of a series of records showng effect of progre ne
mere1se 0 night ventricular pressure upon phasie ight coronary nflow as
mesured with the orifice meter AP, aortic pressure CT, right coronry
nflow VP nght ventricular pressure Time, 0 2sec

c D
Fic 48 —Reproduction of four sections of records shewing effects of

progressive mcrease m right ventriculir pressure upon corenary <inus flow
In each section  Upper aortie pressure middle right \entnrulfnr(rrc«urc

Jowest coronary smusflow Vertieallnes a b end of diastole and sy tole
Ordimate coronary smnus flow ce mm  Cahbration refers to bottom of

flow lme Time 002rec  (Johnson and Wiggers©)
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e Thebestm (rmnels mio th nght ventnele  Sueh \ respon ¢
sould seetn to be one of poot economt el certunly w atdd not I
sdvantigeots to the heart under m mere wed tord However m
ot fecent tudtes with the hort beng, i sifie and under some-
wht mote nerhs normal phasolot conditions with vagy and
mpathencs mtict or severed directh mea ured nght or left coton
@ o inflaw tncrea el apprect bl upon clevation of nipht ventriculie
pressure by pulmonary arters constriction or of Teft ventracnlat pres

<ure by an aortie constriction central to the feft coron s ostyam @ 8t
fn additon cardiie venous outflow in the coron s amus® and the
anteriot exrdiae 3 ens merersed greathy ¥ Reproduttions of ongm st
curies showing that the flow mto the nght coronary artery and put
of the coranars stits ncre  €s 10 both svatole nd duastole are allus

trated m figures 47 45  Tigure 49 { B dlu trates comparable
chrnges m flow 1n the left coronary artery induced by thas procedury

o
@
o

°
<13 trs

Fu 4 Put«Awnd B Bar graphes
el entrcalas - reon coranany o Bt 4 o O AU TEntation
x‘v ;*lt B llen orcomflex snflow  Solid ek, by vatohe ::({ud“ IRATN
wﬁ?‘x:\‘dr ‘[:'r:\ \1;;:. Ex}z\((ched sezment within earh bor anmcu(:z‘rlg s
\ e "
i~ a0 omtrol mbors Gty each o

E ang
4 Ch; ‘eg::x &! elevation of nght \znhr‘?:':ﬁ;
;i’.‘:‘;:r“wm;i ,;e ?:» witk values 1 mmxmet:;nz;xv:;aegment Bt
run m.,v \i\s\vmre o curie Iowe teyre mean right wevonary wgted by
Ve SIIPELTS Dot minute \ndycateq by Fumbers oo with
o e vt o 3 ntimbers adjacent to



120 DETFRVINANTS OF CORON 4RY BLOOD FLOW

Although 1ntra- and extricardiae reflexes cannot he positnels
ruled out as contributing fictors in wgmenting coronar flow the
ficts that section of the vagt md of cardiie nerves from the svm
pathetic chun ind application of procame to the pulmontry conms
ind pulmonary artery all fail to aholish the coronary flow responsc
mitigate against this yiew 42

Associited with the elevated coronary flow with augmentation
of the load of the night or left ventricle the work and metabolism e
al-o greatly increased the former wrising from a decrease m eardine
output and an mereased mean blood pressure the litter arvng from
a combinition of an mncre 1ed coronars flow nd a gre1ter estraction
of oxygen from the coroniry blood 4 These changes are illustrated
for the night heart in Table 6 experiments 1, 2, and 3 The mech
anism responsible for dilition of the coronary vessels under this
condition cannot be identified with certunty  However smce the
flow response rather closels parillels the change m work 1t 1 not
mnprobable that the nesociited changes m metabolism are capable
of effecting 1 1somotor regulation of the blood supply to the mvolved
ventricle  Two possible mechinisms can be advanced The coro-
nry dilation results from (f) an mereased local preductron and re-
lease of metabolites and/or (2) the creation of 4 loc ] relative anonin
caused by « disproportion between the mcreased rate of oxvgen utth
zation and the coronary blood flow partial (but not complete) com
pensation 1s tecomplished by vasodilation and mereased blood flow

1hat the local change in the heart myy be small wnd vet effectne
n wugmenting flow 15 ndicated by experiments in which the effect of
mncreased load on coronary mflow W 1s tested while the control coro
nary inflow was artifiaally and greathy eles ited by infusing blood
mmto a coronary arters 1t  constint mfusion pressure consideribly
above the prevulmg central coronary pressure (Table 6 expts b
and 6) Despite the presence of this  plethora  of flow (and with 2
conswderably smaller oxvgen rtertosenous difference) the coronary
inflow (and coronary oxygen rterioyenous differcnee) were still fur
ther mncrensed with augmented ventriculir load

Thus the two ventricles have at their dispost! an mternil com
pensatory meins by which their bloed supphy can at lewst in part
be 1djusted to therr work and metabolic requirements  Thrs ~us
tumed flow merease 1 taken to ndicate A dommant influenc ¢ of coro-
nars dilation over the mechanical flow inhibitmg effect of ncreased
extravascular support  As alrexdy ndicated these results we dn-
metrically opposed to those of other v estigators using less normal

physiological preparations
Regardless of the mechani>m by which coronary inflow 1> increts
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«d, ddevation of nght or fcft ventricular pressure ¢ bo be shown
to hive 1 flow-redueng eftect which operites m wntionism to the
flaw-promotig mechmsm # If, i the presence of w dequmitch
muntuned centril coronam pressure, the pnlmonies irters con
striction and release we brupt, the sustmned flow mercise de-
scribed 1bove mas be preceded and followed by v trinwent period of
flow reduction and elevation resprctnvels, whose begmnmngs are
comedent with the time of sudden constriction nd relo e of the
pulmonary arters (Tig 49 € through I')  The brupt changes wm
coronars flow comeident with the onset of elex tion wid reduction
m ventricuhir pressure are regarded a5 indicitions of 1 temporiny
scparition of the mfluence of change in entray aseular compression
upon coronary flow  This conclusion 15 made with rersonable justs
fication, sinee the merense or decre 1se 1 mechanieal compression
of the coronars vessels should oeenr simultaneoush with the mercase
ar decreise i ntr wentricultr tenston s hule the slow er pln siological
metabohie and 1 asomotor responses must necessanh g somenhat
behind their respective exating causes @ e the sudden chinges m
cwdine work The mutial temporiey decrcase n flow ean be attnb
nted to the dommant influence of qugmented evtray ascubhir mechmn
109l compresoton of the coronirs sessds  The subsequent tppear
ance of an inerewed flow obsersed shorth thereafter mdicates that
the effect of coranary difition his exceeded the flow -reduemg effect
of the mereised extravascultr compresion  The unmedrate and
tranment flow merense follon mg ~brupt lowenn, of mtr v entrunhr
pressure 1 1 rongh ndex of the extent to which flow had previowsh
becn retarded by the augmentation of estrayvasculir compression
These changes m coronary mnflow demonstrite what » blieved
to be the normal  relitionstup between mereased ventriculir lowd
wd coranary flow  Lnder these conditions, the net physwlogen
response 15 directed tow ird qugmenting the coromrs blood supply
m spite of the flow lmut,, effect of mcresed extry weubr com
pression  However f such eperiments are mtentionalh prolonged
ffour to fise hour) the coronin flow response to pulmonars rters
constriction ts non reversed mul the effect of ¢ sustuned nd unilter
by domin it nfluence of extras weuhir compression < b demon
“trated  In figure 49 F the right coronary flow response 1s now
sustuned decrease folloned by 1 return to the control kel upon
release of the pulmomwry artery  Thus 1 the latter stages of an
experiment during, which the conditson of the heart w sifu b
progressivels become fur ramoved from normal the flon reduang
effect of mereased (xtrav wscubir support 1s dominnt over whatever

flow promotng mechanism the hexrt has ret uned and would appe
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to be Teft almest unoppoced by v concomitant dihtwn of the
oranany bed

Tnam event tho maibhts of the boart to ey e or ovan mun
tam it blood supphy 1n the presence of an 1w mented fowd mdictes
an almost complete fack of reerve  The heart must B reparded as
having ~uffered some change or lows of sts physiolome st mech i me
which event makes impossible the obsersations of these oconrrinces
previowsy evistent under more nevth  normal  phyawlogicdd con
dibors  As men wred under thew conditions and by others wang
heart fung preparations a decrense m coronwy flow Cwnot be
re,wded 3 the normal response to et ed candtu lond

In the foregomng 1t was indieated thit the trand of the eoronn
fiow response to wn augmented re + tance fond 1s the same for nght
and left ventnicles In alt tpes of hert preparations cemral cor
onn artery pressire eles ation per ge 15 an effectine means of

RELATIONSHP OF CXTCEN CONSUWSTION TO CORONARY FLOW
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ate 1t an adyantage over the right heart m its abihits to function
with in merese in resistance Joad

When the coron iy arteries are perfused af a constant pressire or
with a normal pulsatile aortic pressure an mcrease 1 the venous
return to the heart beating 1n situ augments the coronwn flow
mildh when nortic pressure 15 unchanged, and to a much greater
extent when the rortic pressure 1s permitted to rise 8%%  Here
15 with increased resstance foads the inereased coronary flow pre-
sumably results from augmentition of cardiac metabolism and its
s ounted dilator mechamsms  I'ehenhoff of al * huve shown that
the coronars inflow response with mcreased blood pressurc and car
diac output and work of the hert best follows the assocrated change
1 metabolism of the ventricle (Yig 50) IHowever, it has been
repeatedly shown in the denery ited heart and heart lung prepa
rition?$ 7 that corenary arteris! inflow or coronan swus outflow
15 reduced or unchanged by alterations m cardiac output as long as
the resistince agamst which the ventricles contract 15 unaltered
If the preparttion 1s mnervated coronars flow mereases nith erdiac
output * \lorc recentlh however Kts ef ali7 hive concluded that
the coronary flow ncrerses with tugmented cardiaze output  The
explanation advanced 15 that the coronam vessels are passtiely
dilated and their resistance to flow deeresed s 2 mechnieal ad
Justment to mncreed cardrtc work and energy expenditure This
concept, 1t present, lacks the necessary explanation of the phssical
mechamsm by which an increwsed ewdine output without an e
crersed tortic pressure can of stself cause passive mechameal dilta
tion of the coronary bed

Nervous Influences — I'he control of the coronary urculartion by
parasymp tthetic and svmpathetic nerves his been the subject of
much study  Tor the most part the nervons influences on the cor
onany circulation have been studied by obsersing the coronary flow
responses following electrical stimulation or severence of the nerves
Although such procedures are not p iraileled by normal occurrences
1 the anmmal, the observed responses are presumed to mdicate the
functions which the nerves ire eipable of exercising w the mtact
ammal  Lurther difficulty n mterpretation results from the fiet
that the speaific effects upon the heart muscle and on the coronan
\aseular system ire Jargely expenimentally wscparable wnd onls the
net effcct cn be observed  Differences 10 method» and preparations
are additional yariables which may 2ccount for the discordant results
of different investigators

According to different 1 estigatrons, the s gus and svinpathetic
perves contawn both dilater wd constrictor fibers (See reviens by
Wggers® and McDowall?) In general the ~o-called miubitor and
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constrctar Shers aze <ud ta predomntte i the vagus whih the
didator md ccelerator fibers are found m the svmpathetic nerves
The endence for the constrictor effects his u utlls been the ob-
servation that shohtion of the para vmpathetie pithams wm the
henrt ung preparation (i mechanual or cherenl mow) results
1n an augmentation of heart rite ar coronns flow wd stunulation
of the penphersd ends of the eut 1agt decreases coronry flow # In
the fibniating heart with the coromars arteries perfused with blood
under 2 con tant pressure vagal section and stellate stimulation
wsually decrcie coronars nflow  whie vl stimulaton snd
aeliate ection wanth mcrease wwromwny inflow ¥ Tened
both the heat hung and fbnllating beart the normal presence of o
tome canstrictor and inhibitor action > inphed
None of these tudies define the nction of the vagi i the mtwt
snimal  “Section of the e herses or stimulation of their persphem)
ends ba neser ehisted any change m coronary flow s mer ured tn
the totymeter and onfice meter € and by the bubble flow meter ¢
when blaed pressure and hetet rite e eesentirdy unchanged  Hon
ever mote recenthy Fchstem et af® obnerved 1 conuderable decre s
m coronars milow (measured by & tonstint pressurc meter) when
the penpheral 1 i1 were stimulated ind m the presence of 1 omes
bt Jower blood pressure
Studies of action potentials and the effects of faradic <ttmulation
of the sumpathetic terves to the heart wmdiate thet they preh B!
funetion 10 muntaning and sugmenting the rate and vigor of the
heartbeat B#°+4 % The findings that admmntration of seets)
chotme to an atropmized heart cou es the Yheration of an adren-
aftne Bike compound 7 that stumlation of ardime wrenenic fbers
ets free an adrenabne-bbe sub tance ™ and that thws 1541 0 normalln
P e ent t heart «<tracts®” all support this vaen
e el s o e e bl
bt and left caron, t{‘ o l‘\?? ieuses men o, in botl
:;y; \ut ’ x .\‘ rteties This augmentation 1uts {o
nutes and peesists long after any heart rate ar bood Pressur
hange Of thes oecur) s retumed to normal Tigure 1t b
traees 1 respon v 1 shik the coron iy ¢ 5 i
the rot umcter 19 tnpled the blood prewonre temporirly tase 1
the hert rite was unchanged at © w
Fed ot 104 per minute  “timulat
al @ attended with extensise alteratons 1 the <oro o
tamn® The coronars wflow patterns follow ng s\:o‘i‘::(‘\ ‘M\h“ m
:;:\lre % 1 are typieal of experments 10 which hlood multion 4
k. tite chinged spomtaneousts Tn all Pressure g
flows erea 5 and svstolie floy, et o experiments  dastol
ith the latter hecomy

affon v mensured wit
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lirgely: back flow 1 other particulars the phasic flon response
varies  Examination of these cures indic ates that, at least in part
the net flow chinge (increase) mav rest on 4 mechamerl basw, for
the duration of systole (in which the flow 15 decreased) 15 sharph
reduced Thus 1t the sxme hert rate, the period of time occupied
by dinstole (n which the rate of flow 1s greater) 15 considerably m
cresed  However when allow ince 1+ made for this the residual
flow mcrexse 1y still considerible

Lhe extensiy e alteritions of mflow patterns with nert ¢ stumulation
are related to the mfluence of many complex and mterdependent
fictors  The pattern changes are regarded s the summated effects

¢ . x 22 20" [

MNN‘:\-NK AP

"5 S R NN

Tre 51 —Part A reproduction of 1 series of ongimal pressure (upper)
curves and rectified reconstruction (lower) of onginal veloeity flow eurses
recorded m the descendens brinch of the left coronary artery following
<timulition of the left cardie nerves  Ordinate seales—pres ure 1n mulih
meters of mercury on left flow 1n cubic eentimeters per min on right  Con
tinuous horizontal line mdicates zero flow level  Interrupted line mndicites
mean flow level for each record segment  \umbers on each record segment
we At top time elipsed following beminming of nerve stimulition at
bottom herrt rite C control record  Part B tracing of orpimt record
showing augmentation 1n mean blood flow s mewwured by 1 rot umeter in
the erreumflex branch of the left coronary artery following a 2 mmute stimu
Iation of left cardiie nerses  Numbers on eurves cubie centimeters per
rum and mallimeters of mercurs ~ Solid vertieal intercepts 1 minute inter
vals At brohen vertiealintercepts recording stopped for § minute mters al

(Grepg and Shipley *)
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of alterations w sowe ot all of the e snterrelited vimbles o
motor state Aessed ebastierty volume-ehistiaity eoc flictent fnctionad
Teswstanee (1 costy effects) magnitude and rite of change of aortic
pressure. extravaseular compres 1o (upport) and it of flow
These patters sud others are presented sith the hope that sube-
quent studhes widl permit an adequate nterpretatine annlvs

The wneres ed coronars inflow with steflate stunultton may occur
with or yathout spontaneous elcvation of blowd pressore and a1 o
heart rate or when the aortie blood pressure 1 artificially controlledt
and compensated to the control level  Thiy mdicates that the
factors of heart rate and hlood pressure and orh are not wdi-
penable to the naturit mechanim through which the flow mcrene
s mediited

1n 1o experiment with stimulation of the (e nerses from the
stellate 1 Angha his coronaty wflon been $ound to merense without
2ro8s vivaal enidence that the vigor of eanline contrretion were ies
or without e<perimental evidence of wncren ed caedine wark andfae
metabalom (Table 7} The wechantm by wluch the vigor of con
tractton 15 ncredsed has not been wdentified  The possbalits that
adrenal secretion 15 responuible for the cardiac <timulatmg fect
1s hrgely discounted becatse (1) the carding response accurs wsthm
seteral seconds 1iter imtiation of stunulation whick mtert 4t would
not appear to be ufficienthy long for lhoration and tran post of
epmephnne from the adrenal gland  (2) the cardiae responce 1 the
ame with or without the presence of intact adrenis ™ Becw ¢ of
the pramptrniess (one to three seconds) with shuch the he et responds
1t appeirs most Wheby that the phvsinlo e d cause of ecoronar i
Tation and decrcase w peripher) resistance m the coronars hedd 1
a hal one perhas miolsmg the zedet ¢ of 1 myocarduit stim
slating substance at the endings of the shmulated nerves  “uch
possibalits 3y wupported by the ob 11y 2tons of € mnon nd Rosen
Heuth®> 1617 that wn wrenabime-hbe substince (s mpathm) ts er
):::::n‘l“ :‘t“? R:’:“':““‘“‘:\“‘ :‘““Eﬂf nerves are shmulated  However
cardim it s not mpm\:;bel:dfq o eme stimulation on the sy -

at the consequent mirevse i Crrdiac

snor and work and the sccompan g werease w wetvholimg are
ugehs responsible for the diation of the caraniry vesseds angd th
obnersed increase w flow "

In the hht of

present findngs the
cardie hm r\‘\» :uuid BPBRAr 1o operate 1n conguuction with & mech

it by which the work ourput of th

e heart can he

requiressients of the whole organnm  The conc nmlt'\r}t\‘:m‘ N
toromary flow s regarded 1 4 aeonedam phenomenon rnu\‘;:;:‘;c -
ron
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coronany dlation ocewioned by chermeo-metabolic nflucnces m
cident to the mereased work and smettbolism
The expernments of T chstein ef ab % offer evidence that the werc e
1n the work of the heart 15 not exsentind to the as~octited increase in
coronars wiiow  Stimuttion of the accelertor nerves m the open-
chest dog produced an nere1 e \igor of contraction cardiac out
put cardiac worh coronary blood flow and oxvgen consumption
Howerer smultineous nerve stimulation and inflation of a left
aurieular batloon to reduce the externit otk of the hert below the
control vatue w s bikewie follawed by wnereased vigor of contraction
tner 1 ed coronant flow and increased oxvgen con umption  Thus
the drenatine hhe substance released by nerve stimulation wonld
appear ta directls merease oxygen consumption  Whether a part
o the mcrea ed Row ances from a direct effect of the substanee on
the coronany 1essels eannot be told 1n these expenments
The zhore obsers wwns and deductions do not exclude the pow
sbility that cardite nerves may exert a direct vasomotor nfluence
on the caronary vessels and previous mvestigators e terpreted
the changes m corenary flow with pemve stimulation n terms of
duect yasomotor wfluence on the coronan seseds  Fypenmnts
have heen presented with the mnenated bedlting heart in order
that changes m blood pressure vizor of cardize contrastion exndiac
metabolism nd other v wmables could be excluded and the po itie
effects of nerve action on the caliber of coronin blood 1essels
ob erved ® Although both parasvmpathetic and svmpathetze nerve
stimalation ¢ w ed sigmificant alterations @ coronaty wlow  <uch
experiments stdl ful to demonsteate conrlusndly that g direct 110
mator influence ex1 ts The aboltion of thvthmeal contraction of
the hieart dve not preclude the possbiite that cardiie nerse stient
“‘r‘(“‘“; ‘( “‘;(h\: ,::‘(:b\*f the vigor of &brllamy contraction and 1
olism th e tablhing the prmary Tesponse
shich could secondarh give mve to coromany dilatation
\,\h;“:’:‘:n:i:\\ n:st 4hﬁi§ult to establish and identify conelusn (h
P 0 eans the separate effects of nersous nfluences

upen the myoc wdwm and coronars, s
esvels becau e 4}
wal funrtions of these structures are « o e arclog

0 ntimatels tel;

mdiidual responses ¢ in be <erondarsdy modlﬁeil‘e:fc;‘g? :::\o:\;\ﬂ?
‘The Possiblity of Reflex Contrel of Coronary Blood Flow — A N

er deman traton depends on the servations that the + amv.r :’x‘i
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For the functioning of mtracardiac refleves, a case has been built
up based on the findings 1n the heart lung preparation  In the mn
neriated heart Jung preparation, vagus section mcreases coronary
flow, and 1n the same 1nners ated preparation, mcreased caediac out
put mncreases coronary flow, but thus effect 1s abolshed fter vagal
section ¥ Control via the svmpathetic nerves has not been reported
m this preparation However, 1n the anesthetized dog an mncrease
m cardiac output mncreases coronary flow with or without mtact
vag 34 whon the coronary arteries nre perfused 1t a constant pres-
sure {constant pressure flow meter) or with 1 pulsatile aortic pres-
sure {orifice meter)

Ligation of 4 eoronary artery has been reported to lead to reflex
coronary vasovonstriction i the other coronary arters which has led
to fatal ventricular fibmilation 7 During o number of vear the
author has accumulated experiments 1n which the flon 3 s mens
ured 1n a coronary arters or 1a the coronary sinus when a ~ccond
caronary or tts branch was hgated or occluded in the anesthetized
dog No evrdence of the operation of such 2 reflex nas ever ob
tained 1n this preparation  On the contrary, m 7 experiments se-
lected at random of which 2 were previoush published © 18 of 19
determinations showed that foltonng occlusion of the common left
or the left descendens the flon wn the rigrht coronary mereased con
siderably, while when the night coronary was hgated left coronar
flon rose (Table 8) It 1s beheved that these flow sugmentations

TaprLe 8 —THE QL EsTioN oF REFLEX CoNSTRICTION oF THE CoRONARY VE 9718

Coronary € oronary
Wean doric dstertal 1 enous
Blood Pressure Inflow Outftow
mm He e mn e min € ondition
S i U -
Before During  Brjore Dunng  Bejae Durng
Common Left Cor omus
78 78 45 47 " 3" Fight coranacy clamped
Rt Cor AC Veins
9u 20 12 12 40 5 Leftdescend nsclamped
92 a3 40 160 92 74  ommon feft elamped
92 02 120 150 130 110  Common left clamped
75 75 i1 185 44 40 Common Jelt camped
Rt Cor Cor Stnus
S 85 125 350 20  Common left clamped
108 105 1O 150 630 30 Comir on Jeft clamped
65 65 $0 130 3606 30  Common left clamped

arise from an anatomical and functional overlap of the rnight and left
coronary arteries m the tuo ventricles  These results have been
confirmed # 7 In such preparations the effect of anesthesia and
\n some caces the cutting and higating of the artery m which the
flow change 1 to be measured eonstitute extensu e deviations from
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a2 normal pere state That sueh cosults necessurdy represent the
events that would oceur 1f the anvmal were unnesthetized and m
 normal state cannot be accepted
Chaoges i coronany blood flow which might re ult from extry
cantiac stimubs would be of great chmeal nterest and thewr demon
stration might aid in elucidating the mechwmya of the yelion bp
Detneen angnt pectons and ity vanows Wkt such as exing
abdomonsd distention cold and exerese  The clum 35 made that
wam duerse afferent stimult affect the coronar flow  lor esample
stirmulstion of many afferent nerves #2405 distention of the stomach
galt bladder and esophagus  exercwe ® and cutaneous pun® bl
are presumed to merease corominy smus flow m the anesthetized
dog while eleation of cerebral blood preswure snd earotid «tnus
pressure® decrease cotonars flow m the mnersated heart lung prep-
aration  In addition there are various esperiments wath the divect
current thermostromuhr 1 the unanesthetized dog 12 whieh diges
tion and exercise wncrease coronary flow 7 *¥ and cold stimulatian
of the mucous membranes decreases coronars flow * whese mter-
pretation 1 diffieult due to the known techniea! humitations of this
tvpe of flow recorder In the former mstance although the mag
mtude of the flow change » generilly small vet the directional
trend could be correct  However in none of these expeniments werc
the recording device and data sufficient to establich that no chiinges
ocvurred 1 heart rate cardae sutput blood presure length of
vatole and dusstole each of whuch could alter eardine metnbolim
work andlor coronars flow  Actualls the expertments of Tchen
hofl et al *wth the bubble flox meter dieate that with mere e
\r: trabihary tension the coronars flos response nas vartible and
:h\\a\rs w the “ame d‘;mc\mn as the blood pressure chinge It 1
\;'“e‘ :';“\;n:t‘:::‘a\;:mtz :a:«“m: 8s hs been done that such
coronary bed ind that such chanom metion or »sodibition . th
ges ave necessanth Lirgely control
ted through nervous refleves This 13 especially sa smee 1 h
penment the effects of the sl were not tested afte . ])“
before cutting of the cardiac nerve fibers T Rele
oncerting s effect on coronary blood flow
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coronary outflow, and with the more rapid rites coronary outflow
decreases 1255

The explanation of these differences 15 not apparent for the nec-
e-sary mformation 1s not 4y ulable  On purely mechameal grounds
at Jeast two factors operate to control coronary mflow mn the presence
of 2 chwnging heart rate  Augmentation of hert rite would deerese
coronary flow per minute bec wse 1t substitutes more pertods of low
flow 2¢ svstole, for portions of periods of higher flow 1 ¢, distole
In addition, svstolic flow per beat would be less a5 the result of
shortening of svstole and the imerease in svstohe peripheral rewst
ance Hence, the minute flow would be decresed through reduc-
tion m both svstohe and distohic flons However, the situation
15 compheated by the fict that changes mn heirt rate may alter the
vasomotor state of the coronary bed and hence coronary flow v
shifts induced 1n the metabolism and work of the heirt and by the
possible operation of mtra  or extracardine reflenes  No studies arc
available on these potentially mportant controlling fictors

Temperature and Blood Viscosity —In the intact dog diathermy
over the precordial region sufficrent to ruse the temperature of the
right ventricle from 962 to 104° T’ was without significant effect
on coronary sinus flon ¥ However, mn the dog heart lung prepar:
tion and 1olated revned and perfused hum i heart in which heart
rite was controlled the coronary flow mcresed 1s the temperiture
of the perfusion fluid decreased #6% 3

Smce v1scositty of the blood contributes considerably to the re-
sistance m any vascular bed changes m it should alter the 1olume
of coronary blood flon However there are no cnitie1l experiments
reported n which the effect of viscosity per se his been quantitated
When the heart 15 perfused with 2 constant pressure flow meter
first with blood and then with Locke 5 solution the mmnute volume
of coronary flow mereases 5 to 4 tunes with the flow mereise occur
ring 1n both svstole and diastole ¢ However in thisinstance, o
could well have been a contributing factor

Valvular Lestons — As previoush indicated pulmonary and rortic
y e stenosis by constriction of the pulmonary artery and nortu
(between the nortic 3 hves and the coronary ostin) mercases consid
erably mean coronrs flow m both coronmiry irterses and both the
avstolie ind distolic flows 1 the anesthetized dog provided the
aortic pressure 1 farly well munt uned Thewe are the immednte
and acute flow effccts s augmentation of flow 15 myarnbly
assoctated wath an inere wsed met ibolism of the respeetive ventricle
\nd could well he the ey response in the human to gridual and
mild stenosis of the corrcsponding valies
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ffect of
smnt ecperunents are 1w bl concermng the ¢
\\\\?rn\llzc\\n\\a m\(zumn \r‘\ ﬂk‘“\ }\ ith '\::‘tl:(; m:;\){]‘z‘e::\lv\l h\‘\';:x\:;
wes and P stolic flaw decrer

3:‘!“":(‘“;:’:\‘(;:[}1‘"11* on the rehitine dturations w watolic m‘ul"d%:;
tolic flow shuehnturn dependontheseserity of thelsson{ ),.E g{.
Snee the metbolrm md work of the heirts m the presence of th :
lesion were nat hnow s interptetation of the experimenta wn terms &
cosopry flon determinnts 1 diffieult

contROL AONTIS INSUPRICIENGY

R 0 N N — il

0438, HR Uiy s oom ARG
2 2ca/m. D QDS yeLIM

Fi 5 —Reproduction of orgmal reeard showing the effert of aort:
soafficeney on phasi and mean blnnd fion in the ramu descendens oy
teri>r Horzontol line zero fow sertical ises % B end of dustole an
sy tole AP gortic presure €3 coronry pre sure CF enronary flov
Time 02 »c (€ reen and C regg )

Shack —In standardized bemorthagte shork i doge fter infuse
af the provioush withdrinn Blood 1nd restoration of the pre-din
bluod pressute ieved coronars mflon s e sed for 4 consaderab
period of ime ™ Thes mgmfies 2 decreast i peripherl corony
ret tance shose enrly mamfestation can wn pist anse from 4]
anosia dunng, the hypotenstie pennd but the mechunsm for t
sustuned effect cannot be teld m these expenments

Summary - A major consequence of the normalls sery low LA
content of the caronars v enous blood {210 6 1 clumes per cent) is
throw an wordmste responsiilits on the solume of voronary ble
flus m meeting an increa ed demand of the heart for avsgen

tho € wtuations w which it has been measured the tho \entry
hoae heen fovad to bwe at ther d

sposal &
by shach thewr wotonary blood sunp Po compensatary e

v oant Be 1nere agemd aned non
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least i part, be adjusted to thetr energy requrements It 15 beher ed
that an ncrease m metabolism (increased oxygen demand) and/or
decreased supply of oxvgen (anoxia) are the primary antecedents
which mdirectly give nse to coronary dilation and an increasing
coronary flow  This 1s supported by the experimentalls demon
strated facts, (1) that an augmented load of erther ventmcle m
creases the work mnd metabolism of the respective ventricle, (2) the
fallure to obtam an mcreased coronary flow response with cardiac
nenve stunulation without evidence of mereased cardiac vigor and
metabolism, the Iack of conclusive evidence that the cardiac nerves
have a direct vasomotor 1nfluence and the obseryation that cardiac
metabolism 15 considerably increased (3) that progressive anoxia
gives rise to a large increase m coronary flon  Thus thesis that the
coronary flow 1s automaticalls adjusted to the requirements or prod
uets of metabolism of the heart has been more recently amphfied and
a more precise vahdation placed on 1t

As far 1s can be ascert uned, thiy coronary flow response has its
origm within the heart but the esact identity of the mechamsms
mvolved (chemical or nervous) 1s unknown  Since various supposed
normal products of metabolism ovigen lack and coronary ischema
dilate the coronary vessel> and ncrease flow presumably no one
h 1 agent 15 responsible The effect 15 more likely to be the
simultancous and summated effect of all the demands on and the
products of eardiae metabolism

THE PROBLEM OF DRUGS

The pertinent literature his been reviewed by Smith ® Green ®
and Jochim** The effects of and the mechamsms of action have
been studied m the isolated heart fibrllatmg heart heart lung
preparition and heart wn st It 13 not beleved that these studies
are significant except with the heart i siu for not only can a drug
have different effects on the hearts of two different preparations,
but also many of the drugs have extracardiac effects on pulse rite
and the metabolism of other organs on respiration and other actiy
ities of the bods which mas i themselves so alter the cardiac load
or coronars yasomotor state as to overshadow the local coronars
effect
Drugs may be effectrve i changing the myocirdial blood supply
through alteration of the blood pressure and/or vasomotor state of
the normal and collateral coronary vascular channels In addition
certain of the drugs alter blood flow by modifving the v1gor of cardiac

contraction  Through lack of adequate methods great confusion



DETERMINANTS OF CORON ARY BLOOD FLOU 17

still exwta 2s to the mechanism of drug action and i most instances,
no definte statement can be made

It 15 & simple matter to determine cxpenimentally whether a given
drug increases of decteases (OTORITY flow with the heart m situ
Khelin papatenne the mitntes <anthines acetrlcholme epineph
nne paradrine eoramine histrmine all ncrease coronary flow, whule
pitvesan decreases coronar flow Tt has been argued that when
with & guen drug cotopars flos mereases considerably 1n the pres
ence of an unchanged central coronary pressure the coromry bed
mav be sad to hue undergone active dilatation  However this
does not ndicate the drug to use for there mas be assouated with
the nctrv e dilatation an mcrease n extran asenlar support and metab-
oliom 5o that the increase 1 blood flow may not have heen obtamned
so cheaply, afterall  While stch companson has proved useful from
v expertmental point of vies nerther 1t not any other method has
enabled expenimenters to estimate separatels the duterminants of
coronary flos and hence to deeide whether any particular drug s
the one of chowce

In the folloving, 3t 1s obvious thet Just what alterations i coro~
nary flow determinants i the heatt and w the extracardiac vascular
53StUm cause an increase or decrease 1 flow hag never been fully
determined for amy drug  Actually most drugs have never been
tested with the heirt wn situ for thewr coronan flaw eflect In gl
dition the testing of drugs with the heart i a1ty has been Mauted
to the lft coromary artery

Prresin —Of the druga used clincally pitre sin 1 the only one
which decreases coronary flow by all methods of studs and meeeases
the total penipheral resistance to flon that is flow decreases m the
presence of on increased central coronary pres ure 335 % Yigure
o} dlustrites the sustained charactenstic reduction m coron ey 1n
?I‘;: ‘::\(:;i\cggn:s t:muuhn;xt t\‘w cardiac crele fallowmg sts injec-
effect on the cx‘or:\na::ﬂ‘;g n; wl}\)e\ed that thisdrug ncts by direct.
alistn 20 1.0 uilontr:(g?o es hut a decrease 1 csrdiac metah-
hatve not be:n rled out . ';‘m’ s of the o pvasculr support

0tntes and Kanthan " ";;auge of the flow. decroace
the wflow 1te eorona, e e studues wnchude chsenations on
on the 53 vessels perfused under a constant pressure

outflow from the coronary & h

perfused quiescent beaty Em;““s andjor pulmonary arters of
artenal inflas ynder con %8 and Buudlating heacts n the coronam
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coronry artery by the mitrous oxide method  Lhese drugs merc e
coronars flow by nearh Wil methods of studs wd m nearly Il prep
arations 11t ¥4 Lhe fact remuns, howeser, thit teritions m
coronry blood flow m the mtict anmil muw differ significntly
extent wd even n direction from what would be antiapated 1s 2

PITRESSIN
CONTROL |\ he 27 SEC

HR- K44
20cg{39cc 59GC.

I MIN 58SEC OMIN 30SEC

Frc 53 —Reproduction of a scries of record showing effect of pitres n
mjection into the ramus de cendens anterior  Upper curve m)o;:mml
middle curve aortic pre sure lowest curve phasic coronary inflow with
orifice meter Time 002 sec (Creen et al %)

result of active changes n the size of the coroniry vessels because of
vanvng degrees of extravascular compression by the contracting
cardine muscle, chwging cardine output (mechamcal reflex and
metabolic effects), and alterations of blood pressurc

Figure 54 illustrites the changes i phasic coronars anflow i;o]
lowng mjection of sodium mitrite into the left coronary arters  This
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revponse v typied of the other mitmites Since the flow sucre \\(‘\{
Targehy 10 both systole wnd i wtole and m the prestnee of Ldecrened
central coronars Pre sure and with 1ot wit et re and oaly v
shght decresse m thie H/1Y rito the comchn tom 1 tnese guable e

Fi¢ 4 ~Reproduction of ~egments of a record howing the cflect an
lood pres ure and phu ¢ left roronary mflow of iject np 3 mpm sodwm
nitnte wto the [eft coronarv artery AP aartic pres ure O central cor
anary pressure FL phase left coronary mflow  co on flow curves flon
et beat 10 systole and dusstole horzontal bues zera flow  Firet record
control recond and third records 40 rec and 77 mun sfter wyection of
drug Time 002sec (Boyer and Green 12)

{\}ll_\;:\murg the effects of
camme {th

et oo} A xgntml B 29 cec after mpectiag, € Lszﬁ’:’;&:ﬁ
Votiam eunp o orlic pressure middle eLre oronary ptes, urg
T rero o T é; P?m“'uy snflow with orifice meter  Fina hgnzonl;\
e per o Vest m§ ;:«a flow per beat 1a systale a0 dastole and total
B ; nes separate y tole and d astole  Time Q02 spr
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coronary artery by the mtrous oxide method  These drugs merese
coronary flow by newrhy all methods of study wnd m nearly 4l prep-
wrations 110 #8 Jhe fict remuns however, that alteritions 1n
coronary blood flow m the mtict ammal mu differ sigmheinthy m
extent wnd even m direction from what would be anticipited 1s 2

WMV Y
CONTROL, PTRESSN - 27 spC

HUNIT PC

A

20Cc]39CC 59CC

M

IMIN 58SEC 9MIN 30SEC

F1e 53 —Reproduction of a <eries of records showng, effect of mtres n
imection into the ramus descenden» anterior  Upper curve rg)o;‘ramh
middle curve, aortic pre sure lowest curve phaste coronary wmflow wit!
orifice meter  Tiume 002<ee (Creen et al ¥7)

A

Y
4

vesult of active chnges in the size of the coronary vessels because of
varving degrees of extravascular compression by the contricting
cardiac muscle changmg cardine output (mechanenl reflex and
metaholic effects) and alterations of blood pressure

Frgure 54 illustrates the changes in phasic coronars mﬂo“ri;:)l
lowing mjection of sodium nitrite into the left coronary irtery 3
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This mitwal flow augmentation might then mdieate & direct dil stor
#ctio1 on the coronars vessels although even here an earhy met)
bolie influence ennot be ruled out 4t all events, with the Iarger
doves most of the coronary flow incrense e be due to the fuge m
crea e cardrac metabohism

Acetyleholine ntra arterdls wnercnses coroniny blood flow
the dog i the fibriliting heart * heart luny, preparation *and mthe
anesthetuzed dog * If the dose 1» properh ehown this respon e 1
the beating, heart occurs without a ssgmficwnt chang 1n bload pres
sure or heart rate  The incresed fiow response 1 completely abol
whed after atropme  This drug then 1ncriaes the mean hore of
the coronan vessels smet the flow 15 elex vted w the presence of o

F16 55 ~Reproduction of
(tefy d&cendcmg ction of eperd®

feft coronary artery mf

o ing, effect of mtracoronary
artery
injection of epmephrine on mean gortic pre sure and me

o% a3 mea ured with the rotsmeter
~ee {Shuples et al ) o Anow e

ofmjection” Tipe o
forml or lower central coronars bl

ood pressure  The
drug on cardiac metal , et iy

e intrinsic smooth muscle of the
Ny ves eds oy s imduced g
e 1 through metrbolie changes of the heart 15
ungp:‘a:e;;i?\ studies “;n\c been made of the action of morphine
hatnes on the coronary enculation P
and ap1verme 1n
o (::;‘s ::5\ “mmnan mflow n the nesthetized dog 1 y)e the
”Mm‘; ;l:ransd“h]e;m ateman be unchanged or the former de-
re o1 Wlustrates 4 tepical mean flow, Tesponse to left
Cwith the Totameter

fr‘:?t’;:i artery injection pf the drug as recaryed
12
© work abd metabal m gre stated not to he 1ncrpane by
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this gronp of drugs exerts 4 v aso-dilating action on the coronars
vessels ¥ This could arise from 2 direct effect of the drug on the
coronary vessels, although 1 change in cardize met ibolism and work
(decrease) eannot be ruled out 1s the cause of the flow merense

With the santhines the mean flow 15 mcreased the net result of 2
m trhed 1ncrease duning disstole and a decrc wse durimg svstole which
accurs 1n the presence of a normal or mldls altered blood pressure
and without significant change m cvele length or S/D ratio!
Visuaily, the heart shows mcrensed vigor and its mctibohsm and
work are mereased * Under such eircumstances 1t 1s not justifiable
to attribute vasodilation solels to the iction of the drug for the
ereased vigor of contraction can, of 1tself, through merensed hb
erition of metabolites be partialls, if not wholls, responstble for the
visodilation A tvpieal flow response following mjection of The-
ammne wto the left cotonary artery 1s shown m figure 55

E hrine and Acetylchohne —Since the generally accepted
theory of autonomic nerse transmssion 15 based on the hberation of
wcetvichohne and epmephrine lihe substances the coronary flow
cffects with these agents are of particular interest it connection with
coronry Inners 2tion

The action of epmephrine on the coronary blood flow hs been
mvestigated more extensnelv In most dog preparations meludmg
the fibnllnting heart ¢ heart lung prepiration ™ ind heirt beating
e sufie 43780 intricoronars arters mjection of epmephnine mereases
coronary blood flow  In the Intter preparation ats effect on the
coronary flow pattern ts sumilar to that obtamed during stimulation
of cardirc nceelerator nerves (Tig 51)  There 1s also an assocrated
1 crease n cardiac metabolism and n vigor of contriction @ The
flow ncrewse mav be regarded as the net effect which results from
an augmented evtravascular support tending to decrerse flow
metabolic dilator effect tending to merease flow and whatever direct
dilating effect epmephrine mm have at the tune on the coronr
artertoles It 1s difficult to determine the respective magnitude of
ech sepirte effect Regarding its dilating effect per se on the coro
aary essels, the evidence 1s conflicting  Green et al ¥ found that
following mjection of cpmephrine into the left coronary artery the
coronary flow mereased simultancousls with elevation of blood pres
sure and ncreised vigor of contriction while Shiplev and hoht
wtedt?® mdscite that this 15 preceded by a transient pened of flow
imerease without change mn blood pressure (Mg 50)  In the small
Jose range (002 to 0 2 micrograms) 2 significant merease i coro
nary flow 18 seen without change i heart rate or blood pressure
ficates a signihcant dilator effect on the coronry sessels

which nd
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substantiate the onginal finding> ¥ and remnfuston of oxvgunited
coronary sinus hlood does not augment curonin flow \

Qf the remamung drugs 1 ed W heart divet e {coratmne pilo
carpine atropine metrazol nicotine) stuches of their action are m-
sufficient to warrant % statement 1 o the wechinam of thet effect.
on the state of the coronars bed  Inaddition the effects of glucose
and smouln and s ot electrohvtes (sodwm (hlonde etderum chior
wle talowm gluconate  pot: chlonde suiphate}
hate been studied genetally 1 the fibrllating heart 1n \boormaliy
high concentrations and hence the findings do not permit mtcr
pretation
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this drug * The effect of morphine on coronary flow 15 not known

Dagitalts —The use of digitihs wnd ats alied compounds m the
treatment of coronary arters disetse would b il wdvised of the drug,
decrenased coronary flow 1nd constricted the coronin vesscs No
date are ay ulable by n weeptable method s to its effect with the
heart beating am sitn Its eflect studied m other preparitions 1
1 uable and mconclusiy e

Other Prugs —Qmnidme 15 1pparentls without effect on coronar
flow, although 1t has never been tested with the heart w2 sifu

T'stracts of seeds of Ammi Visnga Lam  (Aribie Khella), an um
belliferous plant growing wild in the I'stern Mediterranetn regions
have been used by the local population since anetent times as an
antispasmodic mn renal colic and ureteral spism A fresh mterest m
khellin arose as the result of the discovery that, orally or intraven
oush, 1t 1cts for many hours 2s an extremels potent coroniry vaso
dilator m the heirt lung prepirition and i the heart i situ, and

05 uEAN 2]

T1c 57 —Reproduction of record showing effect of the imnjection of 5
mgm of papaverine nto left coronary artery on mean aortic pre<.ure and
men left coronary flow as measured with the rotameter (Shipley ¢f al *)

which, in the doses used has no effect on the general blood presure
and does not merease the oxygen requirements of the heart, 1 ¢ 1t
acts onls to relax the intnnsic smooth muscle of the coronary arte
rioles ¢1¢ Reports from 1ts u-e for the relief of angina have been en
couragng ? However T'oltz et al ® drd not find that 1t mereased
coronary inflow 1n the anesthetized dog

Brief mention should be made of histummne  Although 1t 15 not
used therapeuticalls m heart dise1se nterest i the componnd stems
from the 1dex that 1t or 2 histamme like substance 15 present n all
coronars venous blood and that it 1s the mam natural coronary
dilator ¢ In dog preparations 1t increises coronary mflow mn the
presence of a normal or decresed blood pressure  The sigmficance
of this dilator effect 15 not hnown for repetition of the work indicst
ing that it s 1 normal constituent of coranary venous blood does not



DETERMIN ANTS OF CORGNARY BLOOD FLOW 143

¢ W Diation of raronary Yesels Iy certait orpamic ex
® l‘x:;:;:'::‘ and drugs § Pharmacol and Exper Therap 5 08 1935
33 we~——Control of the coronary {ood flown bn rv‘ﬂe‘eﬂ‘nn‘g\}(g\
widely distnbuted regions of the body Am J Phvanl 1
s oronars pefles didatstions aceompanying eontractions of
oluntary mu<r'\e* ‘;:.m 3 Thy 10d 13"3‘2\ 191
Tnpubih ted experments
33 gﬁﬁ; gg :mdfg DewiLd pTllelmm(‘dmthﬂcﬂ of the ocelusion
of the enronary Vesns on the dvnarmes of the eororaty aredlation
Aw 1 Phy w0l 177 334 1936
4§ ~—————The tmmeduate effects of the ocelt won of the coronnry sens
an cotiateral blond fow i the coromty atteties  AM J Pty ol
1244%s 1938
4 Grege D B and R W EckeTeny Ve urement
cardust pressure. Am § Phw w0l 182781 1ML
4 Greeg D I oand H D Cneen Effects of viseo ity 1 chenus
e thae oatput znd sortic pre  Ure on coronars blood flon men ursd
under 2 eon tant perfusion pre ure  Am J Fhy tel 130 108 1840
46 Remstration and interpretation of normal pha e inflow inte
a keft coronary tery b am umproved differcitisl manometne
mithod  Am J Phyenl 250 114 1940
47 Creca D F andR E Smireeey  Unpubh hed experimnts
28— Changes w tght and left coron vy artery inflon wath cediae
gerie tmulttion Am J Phy ool 157 35° 1043
Sugmentstion of left coronary wflow with flevaton of
feft ventneular pres ure and observations on the mecham m for o

eretived coronars inflow with meressed cardiac load  Am J P 1ol
34244 151

——~————tades of the venou drainage of the ieart  Am J Phy 10}
12113 184

uf mtramse-

1

d Lreee D E W H Inizodses R E Sy and 3 T Waans
Augmentation of tlood flon 1n the coronary artenes with elevation
of nght vertne lar pre sure Am J Thysol 139726 1943
2 Crzec D E R E Smirtey and T G Biover  The anterior casdia
vems  Thew funetionnl mportance m the venous drainage of the
vaitbheart Am 3 Phywol 139 037 1943
32 Havuyon W F G Brenew snd { Brovaay Pre ure pulw eon
Tour~ i the intact snimal analytieal de etiption of new hyh frev
fueney bypodermue mancmeter with lustratiie crve of Mmul
t!:(\‘n‘efu artenial and sntracs dise pre sures Am J Pl ol 10 497
5 Haworea M oand B hasosita  Th
- Mh\e(%{)\eur&é! Ty mxzebeumxvu'\ etrealaton 1 the
» Yoy an Frcuorsz  Th
i mror‘amn ‘q;cu(:g(j{‘ e e;‘o”?{’z“fﬁ ’,:;i chemieat factor on
NmcssEy 3 T Iy Effect of <t
. :r“s ;’omn:;‘ry guv.t’ x!;] dogs  Arch Int \ze:;“:‘:})“‘})'? ‘;gg\;wml e
A CEEMAN S \IDDLErON
T}f:h:;nr:ﬁl‘:ﬁ effecy of A;My\vhn)mr on th»dmngn{l:lx‘)ihx‘ﬁ:;:\;:d
. u:g: b gh\“\o\ ;\Z‘ e;zgx!;e;; gx;lr;&h}.e suh tanee by the 1 olated hert
SR SN D hessr  Carbaty
o sl ek Slen SRR Y
<ular and extrava. cular .
oo £ ar fartors imfluencin,
'ow  Blood Heart and Corcalation A 4 4% \o ‘1;'; E&rn‘r&r&



142
18
19

2

S

[
4

w

3

&

3

=3

3

=

3

E

3

&

3

9

DETERMINANTS OF CORONARY BLOOD FLOW

Copg,C F,C L Evans,and R A Gregory Blood histamine and
cardiac activity  J Physiol 92 344, 1938

Davis,J G Coronary blood flow 1 aortic stenosis and regurgitation
an analysis of the factors involved m the changes Am J Phywiol
123 50, 1938

Dawsoy, W T and O Bovansky Interruption of perfusion of
1solated rabbit heart upon reaction of coronary flon  Proc Soc
Exper Brol and Med 28 635 1931

Ecke. R R W Ecksreiv M Stroup, and W H PrrrcHarp
Effects of over and underperfusion upon coronary artersal blood flow
Fed Proc 638 1949

Ecnevnorr J E J H Harkensonien E L Fourz, and R L Drnver
Influence of hypotension on coronary blood flow, cardiac work and
cardiac efficiency  Am J Physiol 162 545 1946

Eckennorr, J E 'J H Harkedscuiet C M Lanouesser and M
Harmer  Cardiac oxygen metabolism and control of the coronary
arculation  Am J Physiol 149 634 1947

The coronary circulation s the dog  Am J Fhywol

148 552 1947

EcksTEIN ¢l al  Pet~onal commumncition

EcnsteiN, R W M Srroup C V DowriNe Roserr EckeL and
) Prircuarp  Rewponse of coronary blood flow following
stimulation of eardiac accelerator nerves  Fed Proe 8.38 1949

Ewsgx H E,J F Heraen E J Bavbes and F C Many  Blood
flow 1n circumflex braneh of left coronary artery of the intact dog
Am J Physiol 117 271 1936

Influence of exeret € on blood pre sure pul e rate and

coronary blood flow of the dog Am J Phy 10l 125614 1939

Fortz Euwoor L Sav ki Wone nd James E Eckennorr  Effects
of certun  cardce stimulant  drugs on coronary circulation and
eardiac ox) gen metabolism  Fed Proc 7 219 1048

Gappvy J H and M A hmavar 1936 Cited m Gappuw J H
Gefaserwerternde Stoffe der Gewebe Leipzig  Ceorge Thieme

Crmserr N € G h Fenn GV TeRoy and T G Hoses The
role of svmpathetic inhibition 1n the production of attachs of
wgia pectoris  Tr A Am Phyweans 56 279 1941

Cisirr N C G V LeRoy and G h Fenx  The effects of di
tention of abdommul viecera on blood flow m circumflex brineh of
left coronary irtery of the dog  Am Heart 7 20 519 1940

CoopaLe W T M Lubin J E Eckesworr J H HiFRENSCHIEL
wd W G Banrierp Jr Coronary smus cttheterization for
wtudying coronary blood flow and myvoewrdil metaboh m  Am J
Phynl 259 340 1948

(rEen H D Effect of pitressin the mtrites epmephrme nd the
<anthines on eorenary flow m mmmaban hearts  Blood Heart
wnd Crreulation AAAS No 13 105 1940

Greexn H D and D E Grees  Changes i the coronary crculttion
following increased aortie pressure augmented cardiac outpnt
3 chemt and 1 lve letons  Am J Physiol 130 120 1940

Green H D, and R Weorra  Bffects of asphyvia anowa and ™o
cardial sschemia on coronary blood flow  Am J Physiol 182 271

%)

GRIEE?)‘;:H D R Weorts and N H Boyer  Effects of epimephrine
and pitressin on the coronary artery inflow 1n the anesthetized dog
1 Pharmacol and Exper Therap 76 378 1942



’
b
DETERMINAN\TS OF CORO\ LRY BLOOD FLOW J @5

87 Swrms FrepM  The action of the mitntes on the coronary eireubtion

Areh Int Med 98836 1971
The pharmacology of the coropary eeulition  Chpter

Him [h eacesof the Coronary Artertes and Cardiac Pam - Robert
L Levf Newn York The Macmillan Co 1936

st “mua O Some ob ervations on the effect of pres< we 1 cavotid
sinus upon artenal pres.ure and upon the envonary erculation
Phy=iol 73 4o 1931

82 Trorvton, J J and D E Grec  The effect of chrome cardhac
venous occld 10n on coronary artersal and cardiac venons hemody
namies Am J Physiol 128 179 1939

86 Vrswemer M B The re tnction of the coronary flow as a general
factor i beart falure I ANLA 113 057 1939

8 tovEvter U S Presence of a sympathonumetie substanee in ex
tracts of the mammalhan heart  J Phy=iol 10538 1946

%S Wrpp A M and 4 N Drurr  The action of certain nuclae acd
d matnes on the coronary flon 1 the dog 3 Pharmaco! and
Exper Therap 50 157 1934

89 WiccErs C J Diewses of Corovary Artencs and Cardize am
R J Levy NewYork The Macmitlsn Co 1036



144
6
6
6!

B3

64

6

G

66

[}

]

DITLLMIN INTS OF (ORON ARY BLOOD F101

Jonneoy, J R Tactors controling mtramyvocrdnl pressure 1ed
Proc 4.37, 1945

Jornson J R, and J R Dt Pazaa Intrimyocardial presure and
15 relation to aortic blood pressure  Am J Phystol 125 234 1039

Jomveov J R, and C J Wicoens The alleged 3 alidity of coronars
sinus outflow as a criterton of coroniry reactions Am J Physol
11838 1937

batz, L N, and h Jocurw  Ob ervations on the mnertvation of the
coronary vessels of thedop  Am J Physiol 726.395 1939

harz LN andE Linover  Quantitatrse relation betneen renctiie
hyvperemia and the myocardial 1schema winch it follows  Am J
Phy<iol 126 283 1039

Karz L N kK Jocury and A Bouning  The effect of the extra
vascular support of the ventricles on the flow 1 the coronary ye<ecls
Am J Physiol 122 236 1938

Iiarz L N, E Livower, W Wemstery D T Apravsov and k
Jocuny  Effects of various drugs on the coronary eirculation of the
denery ated, 1solated heart of the dog and cat Obeertations on
epimephrine  acetvicholne  acetyl methylcholine  mitrogh cerine
odmm mitrite pitressin and histamme  Arch internat de pharma
codyn et de therap 59399 1938

Iz, LN W Wise and h Jocary  The control of the coronary
flow m the denervated 1colated heart and heirt lung, preparation of
thedo,. Am J Physiol 143 479 1045

Tountz W B Studies on the coronary arteries of the hunyn heart
J Pharmacol and Exper Therap 45 6o 1932

Rountz W B, E T' Pearsov and ko F hoenmg  Observations on
the effect of 3 azus and svmpathetic stimulation on coronars flov of
therevrved humm heart J Clin Inve t 13 1060 1934

LzRot, G \ G K TIeny, and N C Ginerr  The mnfluence of
vanthme drugs and atropine on the mortality rate after expenimental
oceluston of 2 coronary artery Am Heart J 23 637 1942

Manrawarper J and L H Starwing  Note on some factors which
determine blood flow through coronary cireulation J Phywiol
47 270 1914

Mant J A,andJ R Murrr  Eficet of diathermy on coronary flon
an espertmental study 1n dogs  Am Heart J 29,300 1945

McDowar R J S Chapter VI The control of the arcelation of
the blood New York Longmans Green & Co 1935

\lorawtrz P and A Zurn  Ueber den horonarkreiJauf am Herzen
meatu Zbl f Phyvs 26 460 1012

Naxacawa T Onthe coronry circubation 1n the hewt lung prepiry
tion  J Phystol 66 340 1922

Qroyke D F and R C ToreMan A study of coronary flow under
conditions of hemarrhagie hy potension and shock  Am J Phy ol
148726 1947

Oppike, D F and D T Serxurr A studs of alleged mtereoronan
refleves following coron iy occluston  Am HeartJ 3673 194%

Sprurt E E - The relation of renal blood flow to effectine nrtrn;d
pres ure m the intiet hidoey of the dog  Am J Phy stol 147 037
1

946

Surrey R E and D E Grree The cardin respon e to tumulition
of the stellite gangla and cwdiac nerves  Am 7 Ihy wl 143 396
194

S}{XPL;\ R £ and ki G hourstarpr  Unpublt hed experiment

Smriey R E,D E Greoe and E T Scunorprn An experiment i}
studs of flow patterns i various peripheral arteres Am J Ply ol

138 718 1943



\ITABOTESM 4B WOIA "7

pen ed with and the henrt blood paveed d‘“’“g;h N Sp“:"‘f\“:‘ii‘ ! t;::
ongenation apparatus %% To more nerely npp be re
prrm) physiologieal eunironment the henrt and fungs may ’Qt "
moved i such a way that the cerchrf errculation remnung connected
1o the heart and the 12g1} and symp thetie nerves of the heart
remun iakact # 3
With the heart beating n st the encrgs output 18 o eudated
from the sume formula but expre sed somewhat differenthh P
Foergs ~ coronany flow X coronary 0 AV difference K 2007
3 mdiented m the "bove formud s the o gen comumption of
entniclers ¢ eplated from the product of sts coronars artcriosenons
ovvgen difference and the blood flow through s coronary artery
“The arterial sample ¢ tn come from 1y comument arien The coro
e venous sample for the Ieft heart must come from the coro-
nas smusand s readihy obtamed by insertion intoit of a catheter iy
the antecubst uf o jugular vern in the unanesthetized or wnesthetized
dog o1 Fsman 74% or by 1nsertion of 4 cannult i the apen or clo ed
chest dog %5 For the nght beart the coronary venous sample mmnt
come from antertor cardiac veins 0 Since thesevewns are very small
Bood samples can be obtamed only by thewr canmalation through
the right atrium i the openche t amamal  The coronan flow
detetmued either by messuning left and/or nght coronary nflon by
one of the appropriate methods already mdicated or for the kit
centticle b mesunng fow through the enronany sinus and malt
phing by a factor to obtamn tota) coronary mflow for the left coro
Ty arten
In practice the methad of indireet catorimetry 13 beset with diffy
cultie  Certain general ertticisms apply to 1t and the intcrpretation
of the results be thys method must be tempered I cortain under
hag assumptions  The anaerobse and aerobic processes ym the ms o-
e must be w erpobtbrium over the time of measurement 2 ¢
thert can be o oxvgen debt  Sctually no measwrements cust to
establtsh s hether this equbthrinm does or does not st i the normal
‘{::“ ::“s‘:"‘l state of lf?\\\\n In addttion 4 ficed cotonc value for
usf‘san thc\(;l:;i‘lemﬂu'\r(‘:hm ‘)‘}"C’h the morkequaalentof oy Fonlas
~anee oadized aﬁ:c‘is lh:sn \:)S Omp;xted Sinco the tpe of sub.
Lcuntels 3 K oo D;x‘c' wd this 1 diffieult to determine
Crtan of the diffeuttie G per cent v possible
et o s are pastseularhy applicable to the heart
% an e (1) 1 elt coronan mfiow 15 established by quan.
% {Himes fwtor) the Astmption 13
b e s
ronary artery

mude that the quantity of bl
¥ veonstant frution of the



Chapter 7
METABOLISM AND WORK

s mdicited m the previous chapter, coronary flow generlls
vartes with the level of cardne metabolism  However, to under
stand properly the functioning of the myocardsum 1ts met ibolsm
output, and work must be prcensely ind simultaneousiv determmed
Trom 2 considerition of the methods wiich follow 1t 15 1pprcnt
that this has been 2 most difficult tash and s not been fulls rehzed

METHODS

Energy Output and Oxygen Utilization —'The total potentril en
ergy degraded by the heart e be quantitsted either directh Iy
phsical measurements of heit loss, or indirectls by chemreyl mets
urements of the underls mg metabolsm

The pliy sienl methods have not been extensin el applied to eardine
metrbolism  Microe tlornimetrs has been used to measure total heit
productton in the frog heart,® md heat production his been messured
m muscle strips  The Iatter mav be used to mdicate factors which
may alter the rate of metibolsm but the dity can have no bewing
on the actual kv el of oxidation custing when the heart 1s m 1 normt
environment  In the method of pohrogriphy  which has been
ipplied successfully to the quantitation of brun metabolsm 1 hare
plitimum wire 15 thrust mto the tissue and by tts conneetion to 1
salt bridge and suitably djusted volt g, 1t 1s possible to record the
ovigen tension of the tisue 2 2o 25 1 funetion of the amperige »
T his method might also be applic ible to the he art prosided elcctrode
difficulties mduced by cardrie moyements conld be chinimated

Lhe method of mdirect calortmetry has been mtensiveh apphed
to the study of Cirdrie energetics  In this the cnergy output of the
he wet m potential hilogrim meters of work per mmute 1 cilaulited
from the formul:

Tnergy = Ohagen usige/mmm X 2057
1 wiueh 2 07 1s the energs equivalent of 1 e of oy gen m hilogrum
meters

In the stnplest prepiration the energy output of the hoart m 2
heart lung prepication® determimmed by mersunng the ovvgen
weage by means of 1 metibolan apparitus connected directhy to

the trichet of the preprition 1he metabolism of the lungs man
be determmed scprratel wnd deducted ¥ or the lungs mas he dis

(146)
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65 The mew ylooby (V) dunng
ted 1n grams v 83

:‘fm:}:‘jwtmn n centy netere/econd at the root of the norta of
pulmonary arters eqletated from

avstolic d chaege per beat
olte b e

[P e
v ross-sectonat area nsg e 1t wsticor pulmonars 1ot X )

mwhich T s duration of egeeting Since the cross <eml;n:‘\ n{e:: t(le
the aorta and pulmonrs artery are preswired to be equat theh
fartor 18 2 sumed to be the same for both ventsiwles .
Tn the normal human heatt shen the heart rate » 79 :\ stolk
g charge 60 co aovtic {and puimonary artery) dumeter 25 rm,
duration of eyection §30 sec mean orue blood pressure 10(; lr)um)
H, mean pulmonare arten pressure 20 mm Hp the work of both
\entricles 1 about 7 0 kg metersfmin Tht e deulated as folfons

e M4l meter
' e‘u“beh or right} 1030y (49) x 100
QR =60 (0 10} (136} = S1 s geum metersibent
Qeft)
R =60 (002) (136) = b 3gram mete e
(right)

W _wem

T = 601 pram metersbeat
= T o8 015 grm metershen

{left or mght)
Total worh/heat =81y + 63+ 0515 4 tols = B
gram meter

Sorkimun =188 ? Bé:) M 692 hgm meters

Although the <y<temic and pulmonan arters pressures cin be
readify obtaed and dwrectly recorded by artertnd puncture or by
ratheter technique the uceurses of the determumation wil} depend
largely on the acturacy of the partt ular methed for cardinc outpuy
and i part on the valves far the internat bore of the pubmonars
artery and dorts at the pidmonan and sortie valves In the heence
of eertam hnowledge of the effectne diameters of the norta and
pulmonary enfices m the human heart dunng Wle both of whick
must sary with the pres ures within them it 15 not possible to mihe
El:;g!e ca(c\!{’nlmrs {egardmg the wark done 1 prune yeloets to

since this work x
G o woth. s imereely proportsonal to the square of the
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This wirrants further myestigation #* (2) although essentially all
the blood druning into the coronary sinus m the 1nesthetized dog
comes from the left coroniry artery 1t does not follow that the oxv-
gen content of the coronirs smus blood 15 representative of that
dramimng the left ventriculw myvocwrdium since only 4 fraction
{70 to 80 per cent) of left coronary artery wmbow drains through the
coronary sinus By eatheter s impling, the blood obtamned from the
coronary smus may not Wl anse 1 the mvocwrdium  Some m1y
come from the right atrium or from the fatts tissue of the heart
draming mto the coronary sinus  However contamnation from
the right atrium ¢1n be presented by using a catheter with an mflat-
able balloon 1n the smus,5%or by tving 2 eatheter or cwnnul into the
corgnars smus? or great eardre vem %2 m the open or closed-chest
dog, and permuttmg the blood to feed into 1 convement peripheral
vemn or right atrem when not being measured  (3) while contam
nation m the AC vemns by retrograde flow from the right atrmm 15
not possible because of the method of sampling the adequacy of
such a sample to mdictte coronary venous oxygen saturation
the night heart 1> questionable, smce the fatty t1ssues of the mght
heart muy dran by €his pathway and the ovy gen content of the AC
vems 15 not representative of blood drunmg the corenary bed of
the night ventricle  Actuallv much of the blood n the AC vemns
anses from the left corontrs arters, as well as the right coronary s
already wndicated and the oxigen content of these two sets of super
ficial verns 1 often different

Cardiac Work —The portion of the energy output of the left ven
tricle that appears 2s worh ¢ be roughls cafeulated from the prod
uct of mean -ortic blood pressure ind cardiac output  The work
donc by the mght heart can be simtlarhy ealeulated except that the
mean pressure 1¢ thit in the pulmomirs artery Such ealeulations
1ssume that the veloeits factor conststutes but a very small part
of the work of the heart  Normallv this 1s m the order of 1 to 2
per cent  However w hen the cardine output 1s quite large m the
prescnce of 1 decresed svstemic pressure or especih f nortic
or pulmonar stenosts oceurs the hinetic factor can approvimate up
to 50 per cent of the total cardinc work ¢ Tor 1 somewhat more
preetse ex aluation of the work done by either ventricle the follow g
formula may be used

wiz

W= QR+ —
B

m which W 15 work n gram meters/beat Q 15 ¢irdine output m
c¢ [beat, R 15 mean aortic blood pressure m meters Hg  1s mass of
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determuned  Whether w man the pulmonn wters fises 1 mn\r(
representative sample of mived venous hload 4 compared to the
nght ventriele or atrn stk under consuker iton .

Curioush enough except for same old expernnents the Vuk
procedure itself has never been cheched agamst direct flow measure-
ments  Winte the soundness of the Tich prnciple cannot be denrex!,
1ts adequacs under the necessary expenimental conditions and en
wronment has nes er been determmed  Fxpeniments have heun per
formed m the anthor » laborstor 1n which the cardne output
dotermined b the Fick procedure i the anesthetized closed or
openichest do,, has been compared with the eardiic input or output
\s obtamed with 4n optc Wiy recording rotameter wn erted wto the
enae cavae, putmonan artery or aorta® 1or the more accurate
determmation the catheter for samplag rixed s enous Blood must
be at or bevond the pulmonars valves or n progresaiel wererang
error will occur as the catheter tip approaches the right atrium
Wath wide ranges of cardiac output and «vstemie oxipen artero-
vennus differences presathng, the flow values compared fuorabiy
espeeralls with the rotameter m the pulmonars arterv  the onh
«ite where total cardiac output mcluding the coronary flow  has
been directh measured  Here 9 of 10 comparsons ageeed with
m less than = 8 per cent which 1s witlin the range of hnown
tethmeal inaceuracies

Carduae Eficiency ~Since 1t 1s known that the usage of 1 ce of
ongen hiberttes energs equivalent to about 2 057 hilogrym meters
of worh 2115 possible by measunng the oxsgen used and the work
actuaily done by the heart to find out » hat proportion of thi encegs
expenditure appears as worh The remamder 15 presumably lost s
heat This ratio of work done 1o energy set free the mechinieal
effiaiencs vanes greatly m the mammahan heart  Values hue

been obtamed m the nolated heart to the mtact human he st under
agreat vartety af canditvons

RESULTS

. :in?':]xt{;uonﬁ—Tl)t o gen extractton xalues for the blood

o o m::l ‘ andd right heart of the dog tm sifi under different

domw ” hf x;ma are suprisinghy high - Some of the data obtwned

o e author s Laboratory and by others are ndicated 1n Table 9
€ oxvgen extrachion from the left caron
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Cardiac Qutput —Numerous dovtees ind procedures are 1w ulible
for the determmation of ¢ardiac output or cardiae mput m the wes
thetized dog A plethysmogriph <1 be put over the ventricles d
their change of yolume during contriction mewured by <ome form
of optical or mechanic Al recorder, or 4 flow metering device can be
mserted into the circulation  T'or the Itter, ¢ mech wical stromuhr %
Pitot tube, ¢ or rotameter®s may be inserted into the 1orta, pulmo
nary artery, or ven1e ¢y 1e to measure flow # In addition, the vent
cavae can be cut in the open-chest dog and allowed to bleed mto the
chest eavity, and the blood 15 then pumped mechanieally (viter meter
mg) nto the nght heart © Of thest, only the rotameter his been used
to measure cardiac output m assoerition with studies of the coronary
circulation While much valuable information has been obtuned
from such methods, thev mndicate only what the heart does under
the handieap of anesthesia and traumatic surgery ind do not furnish
mformation as to what the heart does under more nearly normal
conditions

A number of other methods hase been applied to both unines-
thetized 1nimals and man  Measurements of cardiw output have
beenmadeusmg thedilution principle 5 3 91 99 10 the pulse pressure % ¢
2 rav electrahy mograph,! ¢ balhstoe wdiograph, ® and eapcitance!®®
methods, and also by the principle that cardine output equils the
rate of uptal e (or output) of some substance by the body divded by
the arterio-mixed senous blood difference of the substince Of
these, the Fick procedure # which 15 2 vamation of the latter pro
cedure, h1s been brought to a high degree of perfection This con
stitutes the only method that has been used m conjunction with
simultaneous mensurements of the coronary cireulition  In this
the oxygen consumption arterrl oxygen content (W} convenient
artery) and mixed venous oxygen content (by right heart or pul
monary artery catheterizatton) e determmed  Thus wn mdivdual
who uses 300 c¢ oxvgen per minute with n oxygen arterio mred
venous difference of 5 cc /100 cc blood will require 6 hiters of blood
per minute to delrer this o gen to the tissues  Smee the blood g1s
concentration remauns constnt the experiment ) procedure has no
time lumt  Usually the blood samples are withdrwwn at 1 stedy
rate for a fraction of the time that the oxy gen usage is me wured and
then analvzed for oxvgen content By passing the blood over o
photoelectric cell as 1t 15 withdriwn, 1ts per cent oxygen saturation®
has been continuously recorded ~ Simultancous registrition of the
moment-to moment changes m the ovvgen concentration the

arterial and senous samples together with the slope of the ovvgen

usage curse, should enable the cardiac output to be contmuoush
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s oAt arteron ot differned) ap
\u‘:::;g\: ‘;rf:“: :2 }::;: }‘1\‘)“ o (\Y(‘ 1eft ventricle  Tnt the anesthe-
}:::cd Jdog the + dues geperills pinge from § to 10 ¢ 1100 m Ieft
entncdemm 3 rmge sumbar to Yt the unesthetred dog v
indhested for the norml hum n wsing the rutrons otde methed for
determunation f covopars flon 1o the heart lung preparation the
asigen consytoption 1 pevetalih comsderbly low approunitiog
{tob e angen/100 gm fimn
N i e anolable for the metdbchem of the Tkt beart per
st of myocandium This 15 50 becruse it 1 techmcally wmporsihle
1o cannulate the man  anteror cardine Aems drwning the nRht
wentricde and as vet there are no data to shos ¢wit Al the antenor
cardie veins hve the ame oxigen content sothit W o of thein
can senve as the  ource of venous blood
The values for cardiac ontput md work appear to b considerabhy
tes 1 the normal buman 33 compired with thot m the vnanes
thevaed don Hosmer s 10 be expeeted the <alues w the dop
progres 1 o decren ¢ us the il 1 nesthetized chest apened
a0d hert and fun,s wolated the latter v dues for curdiae vutpat
beamg as Jon s 300 te per wunwte and for cardie work D4 ham
per mnute per 100 grams left sentrcle 1t 12 obvious that values
1n the Tatter prepar ttion are too {1 remov ed from notm o to warmnt
wtens ve consideration Tor the mght sentricle mans separate
deteraumations of npht coronan wflos and metaboli m exst but
vore ke been wnde with asoriated weasurements of eardyae
cutput pulmonary arters pressure and work  In Table 10 are
tichaled mensurements of the latter in the norma) buman o v lnch
the maedue ottput and work have been caleulated prr 100 grama o}
nght sentricle per minute  Such alues approvimate 8WD e wnd
14hgm 'Thee ate much less than those values chtuned 1n the
tae heart for the left venterle  While such « dernation 1 un
salislactory the ringe o serve 15 a rongh mdes of the Yeve) of
Arane output and wark per umit of weight of the re pective ven-
trcde Whether the e level for coronary flow rard) e metahohsin
vutpat and wark will preval when Je, novioue methods cm be
cmpined 15 unlgonn
“('f‘?‘:‘l::\ :‘l“nf wn!mtf- lrinembnh o and worh of the heart 15 a figure
s l'lgem ‘ti"):ltu < and cun be altered by man dvnamic at
ba G e preticutarfs complex beegu e the heart
> wzeable metabolise even when 1t 13 not beating  When th
Beant s made o Sbrillate sts metabod :
o the ot before forlation 20 the’i’e’:::trs:::e:}o‘:‘(::xl\l ““l’:
worl
wa\ have o higher metabolam thap the heart doing known amounts
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coron s i, the ovvgen saturation  wries from 12 to 53 per cent,
with n averige of 23 per cent, which 15 much lower than that ob
tuned i mived venous bload (\pproxim tels 70 per cent s iturtion)
In the night heart, the right coronars artery~wnterior cardrac yvem
owvgen difference of 9 0 to 13 57 volumes per cent 1s of the same order
ol magmitude s that m the left coronary arters ¢

When the heart 1s separated from the rest of the bodv (heart hing
or 1solated heart), the coronary ovygen arteriovenous difference 1s
much lower, approximating 47 volumes per cent with extremes
from 15 to 10 volumes per cent, the Juger extrictions occurrmg
Ite n such experiments 43739

Such 2 degree of oxvgen extraction grenthy exceeds that found
other body regions  In the lner, the extraction 15 from 25 to 15
volumes per centn the normd human by portal vew cathetenizy
tion 2 1n the hidnev 2 to 4 volumes per cent 1n normal humans by
rentl vemn ¢ ttheterization 77 % in the estremities 33 to 7 3volumes
per cent 1n normal humans or westhetized dogs 4™ ¢ in the cere~
brum of humnns, 15 te &5 volumes per cent by catheter 1 the
mterni jupular vem ¥ 676 [he extraction values for the hewrt even
exceed those for exercising shelet il muscle

This ver large extriction of avulable oxvgen by the normal
heart indieates that any sigmficant inerease 1n oy gen need by the
heart must be met by an increase mn coronars blood flow, which
could be effeeted erther by the openimg of additional capilhries or
by an inerese m volume flow in those capilliries alreads open  Ihis
seprates the hert from all other organs

The vers high oxagen estraction from the mmocardnd caplmes
s compared with other vasculr beds could result from a relatneh
Jow blood velocits, high metabohsm, or high level of vaseuhnity,
the latter two of which are known to be high s eompared with other
tissues 147

Simlarly, the earbon diouide content of coroniry venons blood
wreath exceeds that found m mised venous blood samples sunult
neoush withdravn The resprratory quotient for the left ventride
falls witlen 1 norm2l range of U 0b to D85 (1able 9)

Cardiac Work and Metabohsm. - Stmult ineous determmn rtions of
credine output work, and metabolism have been made m the het-
tung preparition wd, more recenthy with the heart bestmg i situ
1n the wnesthetized ind unnesthetized dog and 1n the norm 1 human
<ubject  Lhedatain Tible 10 has been compiled from nn estigntions
1 which the metabaltsm coromiry flow, cardize output and work
are expressed 1n terms of 1 common denermnator 1 per 100 yruns

of ventricle In the unanesthetized dog the 0 gen usage of the left
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so close & relationshup to the oxigen wsi of the bt Thewe
sesults i generad are substantiited 3353330 62 for the heurt

Thewe experiments ndieate that the energy avatlable :r the he |t y
hewt depends chaefly on the dwstolic vofume of the heart i‘\\r } e
length of its fibers  Within certun Timats the eardiae work sl
foflin 5 the thastobe suze or length of ots fbers Qamately honever
uth 2 considerable merease n the work the relxtionstup of ork to
duastohie size decreases until finalls the work s actually decrease
in the pre-ence of 4 rsig duastohe size  However there re 1o
adequate meava of milving the complex dvpamics wrolied 1n
\arious modes of altertion of work  The linear relition between
1a tolic heart solume and work or ox: zen usage 1> entirely empireal
and the relatronship mi1s or M1t not evst when measuremcnts are
made with the beart 1n site under naturyl conditions

{When the heart tate 1s altered reflexly 11a the vagus by rawing the
artenal pressure sithmn the head # or durectly by dnving it elee
tneali ® or bt warmmg or coobng the simo-tuneular node @ the
feart uses less envgen 1m a umt of tune hut more axigen per heat
at the slower heart rates  [his occurs irrespective of the dinstohe
heart volume [t heart electricalls driven the ovvgen usage of
the heart 1s a function of the myocardial temperature

Since the mtocardwm s constanthy perfused by blood contawmung
bodv hormones electrolites and food stuffs 1t 15 of nterest to
determine their effect on cardiae metabohsm  Imvanabh m such
vbservations the substance must be admunistered n concentrations
much greater than exst normalls w the blood stream Olbversa
tions are fargely in the 1 olated heart or heart lung preparition

Fpmephrine m physiological doses 13 a ponerful stimudant to mvo-
«ardral contraction and greath inerea es eardiie metabolsm pire
stmablt 9y the net tesult of ws direct efect m the ym ocardmm and
of the earh tncrea e 1 heart rate both of which werense oy zen
utihzation and the deererse i diastohe volume wnd the spb
sequent slowing of the heart rate (reflex vagl stimulation) both

of wluch decrease the ovvgen wge of the heart @ tmn y eeding
of thvroxm and thyroud gland wereases the oxvgen wage of the
hewt 5% Angivtonmn greaths mc rewses the metaholim and worl,
of the 1salated heart and heart lung preparation 27 Insulin has no
eflect on gro> cardise metabobsm but operates anly to alter the

tvpe of metabolisma fram carhobn drate te fat ¢ { anous nucleie acid
dernatives enhance v ocards

i actvits w the rabbat wd ¢y
hem\:‘“ Thete 13 no evidence concerning the effect on cardiac
metabolsm of the naturally oceurnng faty ewrhohydrates or thewr
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of worh ® When the mammahan heart 1s arrested {in diastole with
out fibnllation) by potassium njection, 1ts metabohsm 1s lowered by
as much s 50 per cent ® Iowever, 1n the Jatter mstance the me-
taboltsm 1s still well abov e the low les el that 1s charactenstic of restmg
striated or sheletal muscle
In addition the possibility exists of the creation of an oxygen
debt by the hewrt Tollowing 1 reasonable mcrease m actity of
sheleti muscle the metabohsm (oxvgen consumption) remains high
for some time after return of the muscle to a control level of 1ctivits
To study this phenomenon i erther ventricle of the heart, sumul
taneous meagurements must be made of cardiac output, nortic blood
pressures the oxvgen A V differences 1nd coronary nflow for the
respectine ventricle before, durmg and after augmentition of
ventricular work  Such studies are not wulable
The physiological vanables which affect cardine met bolism and
work presumably mnclude the dristolic size and length of cardiae
fibers tyvpe of contraction eardiic nerves heart rate temperature,
cardiac output and nput products of 1ts own muscular activity
drugs, hormones, foodstuffs and electrolytes Fxcept for the effect
of drugs, hormones load and heart nerves, studies have been
largely hmited to the heirt lung preparation and the 1solated heart
As already mdicated in Chapter 4 a considerable increase 1n
cardiac metabohism and work occurs with the heart beting wn sifu
when the arterial load of the night and/or left sentricle 15 mcreased
by aortic or pulmonary artery constriction or mcresed \enous
return, *8or followmg stimulition of the cardiac nerve outflow from
the stellaite ganglia 34787 This confirms experiments with the
heart-lung preparation* 3 73373 The maximum response of the
heart under normnl conditions has never been determmned How
ever the largest responses might be expected with ¢pinephrine or
cardinc nerve stimulation
It would be expected that the oxvgen usage would depend i some
way on the dynamic adaptation of the heart to its work The
presence of some such correlation was first llustrated by Evans and
Matsuoha,?” who showed that as the diistohic volume of the heart
increased, the heart metabolism also became greater  Starling and
Visscher®® showed (1) that the oxygen consumption 1 the 1solated
heart under eonstant chemical and temperature conditions 1s alwavs
the same 1n any one esperiment at a g en diastolic volume whatever
the amount of work that the heart 1s performimy, 4t this +olume @
the relation between diastolic ventricular volume and oxygen usage
15 within hmits « [mear one irrespective of whether the artertl or
venous cardiac load 15 altered and no other mechanical factor bears
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dilshion of the heart and_reduction m efficiency . Iﬂiucn: ‘I‘R':“ ;::( {:
amilar range are reported for hewts of normal humans -
the cardioc metabolism was ;‘ef“;i}}“ tl:c mitrons oxide methoed
tput by the Tick procedure

an?};’:ﬁ;ﬂ:‘oﬁ;&d from the worh of Echenhoff etal = and mdmlal 1‘1:;:
the effect of primay changes i seustance cardunc output ane o
gen tession ave Wustrated m fgure o5 Inthis the candine ouf P“‘
aas determined m anesthetzed dogs by the Fich procedure and
coronars flon by the bubble flow meter A pnman inerease m
cardiac output bs gelatme or hepanmized blood infusion or a priman
elevation of aorhie blood pressure by an aore chmp both wugment
effictency as the net result of an werese m canbe output aortic
blood pressure worh and cardie metebolm 1f the sortic con
strition 1 sexete enough sa that carduce output 1> degresed and
if it > not mamtamed by other means the efficiencs decreases A
promary decredse i arterial oxigen content depresses the axverage
efficiency greath hrgely through a decrease m eardiac output and
i the presence of an essenttally constant svstemie blood pressure
1nd 0 gen consumption

‘These trends n eardiac effciency m the anesthetized dog followang
alterations . cardine output and Aottic blood pressure confinm
earlier observations m the 1solated hert and non mnen ated and
innervated heart lung preparation ¥3* #9  In the Iatter prep-
aration epmephrine myection and shmulition of the stelinte gan
ghion™ generatly decrease cardiac efficieney through a combnation of
an ineyeast decreast or no change m cardwie output and an n
creased blood prewoure and weressed ovvgen utdization  Vapd
stnulation esther directlt or refledy wduced 1 the wmnerinted
heart Jung prepiration merenses efficiency s the net resuft of 4
Toweted eardind output blood prewure woth and metabolism of the
heart

By defimtion mech inieal effiercy ndicates work done per umt
of enerpy output  The worh of the heart 15 performed Quring the
Yitter part of the pertod of systole but as w sheletal muscl epergy
““r:;m"“)‘l by the heart {ovgen used) when 1t 1 downg, 1o worh
s\xtu\:“ \\(E(;‘:;‘x\'“ﬂ.b‘ gl:o L:x::d fbefnre dunng and after ventricular
part of svstole from the :ml;t 0;‘)!;6“ o2n be used dutig the s
K10 1 time ot o o’ :hev\tmn of mtraventricular pres.
(otmetrie cnmrnmo:m D o monany nd rortie valhes

pertod) during which time 1o blood 15 moy ed

and no external mechameat worh 53 done  Alo dunng, diast A
oo gent can be wsed but the muscle fibers are not sl'mx-un;;ng.:m5 (?(:q,
2 bewn part considred 3 an oxy &en debt of the heart due to the
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dermatives, of the blood elcctrolytes (cxeept potassium), or of
compounds that occur within the my ocardium

Efficiency —Studies hnve been made on hum in subjects md on
unanesthetized and westhetized dogs  Some of the dat have been
compiled n 11ble 10 In the unnesthetized dog the efficiency ap
proximated 31 per cent % In the anesthetized dog, with 1 good eardiae
output and blood pressure, the efficiency was found tovar from 7 to
ofpercent (11ble10)  In the heart lung preparttion, the values
arc somewhat less  The aghest efficiencies are generally associated
with large outputs together with a agh arternl pressure  Iow-
ever, 1f the work 1s pushed beyond cert un hmits the oxygen usage
maw ncrease at 4 disproportionately rapid raite with resultant

/ RESISTANCE /GARDIAC OUTPUT \ OXYGEN TENSION
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1ol m
80 /\ /\ w0
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1800 1800
1400) /\ oo
1000 ﬁ 1000
el N

200 CARDIAC OUTPUT CC/MIN

© CONSUMPTON CC/100 GM/MH

\%’/\' —\}

LEFT VENTR CULAR WORK KGN /MN

NI

|

x EFF CENCY

1)

[TV i) e i
q R X0t th o A
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58 —Effects of primary changes m peripheral re 1 tance crdne
ou&ﬁt ofnd avygen tension on the heart and coroniry areulition n the
nnclsthétlzed, open chest dog Shghtly modified from Fekenhoff ef al
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and glucose utilization br the heart 1s estumated ta secount for on:
3 t0 60 per cent of total cardiac ows gen utslization nssummg‘ue \
tual complete ondation of these substances to earbon diowude and
sater An
Certam additional formation 15 as adable concemning the ewbo-
hydrate metabolism 1 the nolated Leart or heart-ox geaatac svs-
tem Gluco ¢ extraction and wtilzation = erewsed whea the bilood
Jactie amd 15 decrensed of when cardiie work tnereased by me-
chameal meat ot by epmephtine ¢ Stmddsrly lactate usage b such
hearts s o function of sts blood level the ovgen supph and cardire
worh and 1 tnvercels related to the blood sugar level* Added
<odum psruvate 1s teadds u ed but its utihzation s not tmeteased
by epinephrine and its addition does not affect cardiac gheogen
blood sugar or lactie acd lesels ® Tt must therefore aflect either
nou-cithohydrite wsage 1¢ fator protem oritmay alter {tncrease)
ongen usage without affecting ans other oudation  The Lhveopen
content wineh 1s convtant for howrs with moderate work {heart
{uny) and fasgels exhinsted with heavs worh and with the additton
of theroan or epephnne 13 lugely restored b glucase admtn
istratson aud 13 ncreased by elevanion of the bleod hetones ™ but
fictate supplerent 15 without sval T \pparenth cathon
axde can be mcorporated mto the ghhecgen of the heart which
dicates that cardwe ghycooen 1s constantls heing braken down and
remade ¥ Whether any or all of these obsers 1tions appls to the
normal heart remarms to be determined
The role of these compounds 11 cardiic metabalim 13 not clear
Homever 1t 1s behesed that laetie a0d = the kervstone 1f 1 sbun-
dance 1t 1 oudied and amves direetds frem the blood f fow or
facktny 19 the coronary arterial blood 1t 13 ohtatned from glieogen
breakdosn  In the latter case gheogen 15 replaced from the blood
;}Ugﬂr if the latter 15 insufficient. the ghvcogen content falls and the
eart fatls  The role of pyravic 1aid 19 not hnewn
\"gg:\" B::"“ld dAPPt’ar t!{ be a fundomental difference between
wd gluco ’;fa ’Zfa:’u‘c e) in their re<pectine usare of lactie nerd
factie acid snd) forms Rcon osdizes (consumed) large amaunts of
m \“’Il\ (UmS‘ ‘\L‘O €1 g(\mm {“’m g’um):e “hde 5kelctﬂ‘ mUW1e
Although t}i tntil :“mfn e '«\?\dham\ cradires gcose
for o the b s of carhohe it g e Beust canant be accounted
cathohiydrate di appearance the peoat of the

utilization of other substanees
such as fat
fraves much tobe deayred  41f er wt 2 o e e bl

ence © from the heart Ju
::&::\ :C\‘i gs‘.:;fngbthe hines that (1) fat concentrations -\;]eglgsfx;
e
A een worhed for a time 1 v although the fatter
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preceding systole or 1s a “mamtenance met:bolism ’° Faidence
for the Iatter 1s contamed m the ohservation that when the mam-
malin hert 15 arrested i dinstole (wathout fibriliation) by potis-
sium mjection its metabolism my be lowered by s much s 50 per
cent  However, m the Intter st wice, the metabolism 15 probibly
still well above the level that 1s charactenstic of resting sheletal
muscle In sheletal muscle or the body s 2 whole the non-contric-
tion oxygen requirements which are not related to work done can be
seprrately quintitated by temporarily stopping the work so that
only oxy gen usage related to work 1s considered  How ey er, methods
or procedures are not W aiable by which the normal contraction m
the heart e situ can be temporanls stopped and the resting or
muntenance oxvgen usage separited  In addition, studies of the
extent of oxygen debt of the heart beating iz sifu are not av alable

The cardiac effictency will, therefore, 1 1ry 1 part with the extent
of contribution of the resting and 1sometric contraction period ot~
gen and post work period oxvgen to the total oxigen wsage In
genernl the former will tend to lower the caleulated efficiency at low
levels of nork and to mncrease efficiency as the work 1s mcreased

Substance Utilized and Type of Metabolism —The heart 1s 1 ma
chine which cont erts potential chemical energy into useful work with
varving degrees of efficiency  The w1irm blooded heart 15 m¢apable
of working more than, it most, 1 few minutes i the abscnce of
oxy gen because the store of subst inces vilding energy under anar
obic conditions 15 vers hmited Therefore over anv prolonged
pertod of time the energy for cardiac contraction must come from
the oxidation of combustible materils - Fhe nse of these compounds
has been mtenstsely studred

The brochemmel charactenstics of coronary venous blood elexrh
histmgush 1t from mrxed venous blood wnd mdieate the substances
used by the heart (Table 9)  Ihe large extraction of oxvygen has
alrgady been mdicated  The conssstentls large coronary arterto
venous differences of lactite and pyruvate®® 46 7 considenng the
rddatively high rate of coronary blood flow indicate an extremels
high rate of myocardil utilizition of these metabolites i the open-
chest or normal intact, lightls anesthetized dog  In the same ¢ pe
of preparation, glucose 15 removed by the heart m relatively small
amounts and often not 2t all % espeesally 1t the higher lactate lev els
These findings, n gener1l confirm those obtamed when the heart 1>
wn a more tbnormal state 1¢ the heart lung preparation (in hich
an artificr1l oxs genntor 1s substituted for the fungs to obynte the
removal of sugar by the Iatter organ and 1ts subsequent transfor-
mation mto lactic neid 7% The combuned Incti aad pyruvie acid
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workers feel thit the attendant cardize edemn mw be a f 1ctor,
(2) short chun fatts acids, such as betn hyvdrovy butsyrie 2eid when
added, can be utihzed by the heart up to 80 per cent of 1its total
metabolism, % (3) the R Q 15 070 when sugar 1s essentrally absent
from the arrculating blood ¥ However, there 15 no evidence that
long chun fatty aaids ean be burned by the heart, and no changes
hive been observed m the fatts acid content of the perfusing blood

The posstbihty that mtrogenous compounds can supply energy for
oudation has also been mmvestigated Lvidence indicates that in the
aglvcemic heart-lung prepiration, no sigmficant mncrease occurs
the ammonia, urey or NPN 1n the venous blood ¥ and mn the
agls cemie, 1solated beiting cat heart, the addition of glyeine Ibel
led with heavy carbon in the carboxr] position does not merexse the
respiritors cubon diovide ™ However experniments with icetate
similarly prepared indieate 4 usige of 20 to 30 per cent

The chemical substance mitnlly exploded durmg myvocardinl
excrtation, and which releises the energy for the sequence of events
leadmg to svstole or contriction of the ventricles 15 1s vet unknown
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andfor the mvocardnl artenes they mm smofve one ot 2l vessdd
coats snd ms occur with or without nfarets  Among these lesions
necrouang ftenitis & proounent feature of miignnt hvper
tension and oceutring afo m mo t of the other ehimeal states
dicated 1 of partieul it mterest for 1t has been produced expenmen
tafls by renalischem 1 in the dog * B <epatization of rablus throueh
the myection of hore serum ¥ and by unilateral nepheectomy
1mts combined with ijections of desoxs corticosterone w The e en
il morphaloge change the artertal nall 15 & fibrmmd necrosis of
the wedw  More recentl  mnterest u thee lesions hins been en
hanced by the discovers that multiple injections of the strong ba ¢
allslamine o dernatine of tissue breakdosn and possibls comng
from the hidney lexd to a chromc form of necrotwzing arterhis
restricted to the coronary Artertes (and some mesentene vesstd ) and
1 which there 15 progressive necrosts of the media with wtimal and
medial hemorthage wod thichemng of the medin and mtimn <o thit
In s to cght weths an obliterative endarteritis 1w produced 1
The lestans sre not telated to diet can be produced n the dog hut
not 11 the cat or rat and do not alter blood pressure  Tawons wlen
tical morphologtealls with those mduced by allvlumine but di tih-
nted throughout almost ail arteries nd arterioles have been pro
duced an dogs by feeding, o hagh fat dict for two months or longer
and thep expermentath tdueing renal wsufficients m any ane of
severil nave  The lesions can be prevented or retarded by vitumin
E b cholesterel or by omatting f1t supplement for four weths or
longer ® Further experrmentation 13 necessary to detenmne what
role sfam these le 1ons normally plas in the etiology and pathology
of vaseular disense i man or i expenimental anymals

Atheromatous Lesions —The most mportant fesion of the eoro-
nn arters 1s the theromy It oecurs at Al ages from birth to old
age but 1> more frequent in the Jatter half of hfe  Tuman necropa
~tudies mibeate that betseen fifteen to tvents five vears of age
B ke o s e, <t i ey
e af age 27 e 23 per cent from thirty 10 tharts e

se 27 per cent {rom thirty five to forts 34
forty toforts five 32 per cent and f pereent from
o &4 rom forty five to fiftn 50 per

cent ™ “Serious obstruction of a coronary artery rrely occurs
wu previoushy sclerotic vessel This obstruction ma C‘fﬂpt
the atheromatous process wzelf or from & thromby: y arse from
hemorrhage whueh 1 nssotiated with the atheror 9 or inttumir}
atheromatons pracess with its ,,-dl itous lesion
most of the serious ohstryed, . sequelie accounts for
topeal study of 6500 consemppns et AN wtenes Iy o

°n an



Chapter 8

THT CORONARY CIRCULATION IN HEART
DISEASE AND HEART FAILURE

Tre conditions of the heirt which may lead to heart fudure wre
well known  The heart with coronars artery disense, with 1 m
ereased Jond from valsulir discase or augmented blood pressure, or
with primary myolement of the myocardium may ful earhe or
ultimately i 2 hvpodyname state or from ventricular fibrillation
orit myy never ful Withun recent v ears, considerable mformation
has become available concerning the mechamsms myohed m heart
disease It 15 mamhy the attempts to elucidate the phn siologieal
effects of coronary artery disease with which we are concerned

HUMAN CORONARY ARTERY LESIONS

There are varwous non-ttheronratous and atheromatous lestons
which affect the coronnry arteries Onby those fesions whieh reduee
or occlude the lumen of the coronary artery and thus alter coronary
blood flow are import it

Non Atheromatous Lesions —These lestons recently reviewed 1
constitute 1t most 5 to 10 per cent of all coronary lestons and melude
congemital anomalies, medinl eduficrtion mfhymmators lesions
aneurism embolism and neoplasm  Of these onhy aneurysm 1s
presumbly wathout eflect on coronars flow

The congenttal momaltes imclude marhed hvpoplhisty of both cor
onars artertes, 1bsence or reduplicition of : man coronry arters
presence of necessors coronary orifices or one or hoth coronary
wteries can nise from the pulmonary artery  Except m the hst
mstance there ts wsually a sufficient collateral arculition o that
the heart functions normally and without symptoms  In duldeen,
the larger coronry arteries may be partinlhy or completeh oceluded
by medial ealufication with fibroblastic proliferation of the mtima
T he cause 15 unhnown

Inflimmators kesions with obstruction or obliteration of the cor-
ouary lumen can occur i mu diseases such as subacute bacternl
endocarditis  svplulis, tubereulosss, braecllosts rheumitie fever
polyartentis nodos, typhus, lupus disseminata thrombo wgutis
obliterans serum stel ness, malignant hvpertenston and typhoid
The lestons mas i ohve the coronary onfices the epieardial

(168)
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wilty nourt hed from teo soustes the ventitny and the \;mun 1;3

o~ 3 In the coronary ytenes there are sl arteri sl venasy
!hb\‘: \::\\v ¢he whentiti md most of the medin which w N.l\\\\u:u
‘\:‘;1 he :a & anng from tlhe irten {) lu;n:r‘t (hl\:\w(]‘“‘,:: L\‘:\::‘i
from the adsentitia ane mneh wote abund \‘ el

n of the coronan arter Preaumably  the

f\r::(g]fe:‘::l‘: 1n the adventitia wnd media and the mtsmd 1\\;\:\1\;\’:
reeed sitimatedy drun by saalt vewns to the ady cr}tm\ ’ ;:'l .
19 liysteates < tvprent mode of ongwn nd pattern of mtam V2
\asanim 1 4 pre umably nopm ) coromrry Arters

Fio 59 ~Coronary artery miected and cleared with adsenbharemaned
1 a3 va otum anaap from itim) and formung tree bhe paltern (Wanter
itz € al * courtesy of Charles C Thoreas y

‘The morphological changes i the coronars arterics of man with
atherascleros have been described many times but diffirence of
apimon exists 1 to the sequence of events i the levons wd as te
what 15 the mitid leston  The exrfiest stage of toronan athero-

eleresis man began in infaney as 2 vellow streak m the it of the
mvolied vessel progressmg, and etending during ciuldhood ind
dolescence  These earls atheroscleratic plagues oceur s ~ per cent
of mfants under six months wd 1< vers high pereentage of children
avereight years % The fact that 4t ams age the mtmma of the cato-
nany epic ardial artenes 1y 50 thick relatie to that of other arteriesof
cumparable size 15 beheved by some to establish the hacws fot the
predaection of atheroscleron for this arters #

Muacroscopreally the molved arteres mas show nothing or mas
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wteriosclerotic bais (43 per cent), arteriosclcrosts with or with
out mfarction (41 per cent) wd mtrimuril hamorrh e (5 por
cent) presumibly on w arterioselerotie basts wide up 92 per cont
‘of the serics with the remuning 8 per cent divided between em
bolism, mflamm ttion wnd svplulis * #

In the coroniry vessels these obstructmg lesions arsmg from an
atheromatous process are restricted to the arterrl side wnd almost
myariably, to the maun stems of the coronary arteries or to their
mmedate lnrge brinches e the epreardial arteries  Over 50 per
cent of the ecclusions mav be found within 3 cm and 1hout 80
per cent within 6 em of the coronary ostin 750 Although there 14
considerable varation 1n the distmbution of lestons between the

| coronary arteries, the left anterior descendens 1s generallv most often
miolved with about GG per cent of all occlusions bemg m this
rtery, %098 and about 50 per cent of 1l acclustons occurrmg 1 its
prosiml third

With old age and senescence the vessel structure m the epr
crdial and myvocardid artertes (but not mn the myocardinl twigs) 1
marhedh altered 1n the 1bsence of artenosclerosts ® 1% In the ept
eardil arteries the intima at birth made up of 4 lnver of endo-
thehnl cells covered by v single internl elastic limella changes ind
thichens so thit 1t ultimatelv becomes several tunes the thichness
of the medin and encroaches on 1t The intima of the coronry
arteries Iuing mn the epicirdium 15 belhieved to be much thicher m
males thinn females evennnewborninfants and in both st nees
much thicher thin that of anv arters of smilar ciliber clsewhere m
the body 30 The medin ymtially made up of arcular smooth musele
and eliwtic fibers and the adventiin 2 meshwork of connectine
tissue cont unmg elstic fibers both lose therr elastic fibers with age
These changes ire most rapid 1n the left anterior descendens irtery
and slowest 1n the nght coroniry artery  The myocardi artenes
undergo fibro elastic changes m the mntima 1nd mediy and atrophy
of the smooth muscle 1n the medin and develop irregular patches of
connective tissue

The rtertes wnd vems are metabohicallv aetive structures con-
swting of muscle cells fibroblasts nd ehatic 1nd collagen fibers and
wn mtercellulr maternd through which nutrition 1 brought to and
waste produets removed from the vessel  The mode of nutntion of
2 normal v essel wall 15 poorls understood but the presencc of small
nutrient yessels or v 151 s asorum in the walls of arteries and yems hws

been hnown for many vears  These vasa do not exceed 10 micron~
m diuneter and 1re quite frequent mn the w alls of vems but e not
numerous m the walls of normal arteries 138511 15 The artert i
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hruefactsion by macrophges with mmmil connectine trsue re
action and sppport 1 domnant ¥ ®

Thromboss and Mechamsm of Closure —Stenons or occluston of
o corupar arters may anse from o numbcer of events nssoeinted
with the stenosclerotie process  Trigments of artenoxlerote
pliques in the coTonIry Arters on rFe oeelsions Breh offt and arc
carned further down the arter there to lodge wnd occlude thy
Tomen® The pligues themselaps mav hecome <o lwge as al o to
ceclude the lumen  Thrombows if present almost maamibh
ocCurs 10 wssociation with atherosclerows of the yrterns wsuafhy ay
the pomnt of steno 15 by mens of an arteno clerotic plique i
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F16 61 Rerent thromboss of 4} e anteris
xe grrt;nr;l\}z‘xlm:a ’l:ihe artery 15 the seat o‘; ifl:::geg\ is::l‘:r‘f:“l‘:‘f;rhf lﬁ“
naclormed on a ruptured stheromatous plaque  (Wartman Yy *
generlls at the pomt where
thus posabhy aloning the I
coapubition  Fygure 41
W the repion of an aghe,

Tehw on mstrated® W gha g the TLAED:
been comy tacngls demanstratega v at 10 the
e

of selerot,
o st Q‘:nl:\s;‘::; of the coronary, arteries the atherosclerotic plagues '
e tichhs vaseularized by capiflaries derin od fium

the mtima 15 toughened or broten
beration of substances which hasten

sMustra & a ty
ypreal throsnbus fo
Tomatous plague i

<]



172 COROMARY CIRCULATION I\ HEART DISFASE

be thich tortuous and hard  There mav be only fitty streahs m
the mtima_or raed nd rrregulwh shaped cliowish plques muy
be seen m the mtima, often bulgmg mto the lumen  The smttmy may
be annularhy or eccentrienlls grenth thichened by atheromtous
material and fibrosis and the lumen reduced 1n dirameter or occluded
The drwing i figure 6O tllustrites the nich visculanization of the
mtim and medin which develops w1 coronary artery m assoctatton
with the appetrince of an ntima! lesion

Tic 60 —Coronary artery mjected and cleared with adventiha e~
moved Remarkably extensive and bizarre pattern of vist vasorum
large sinus _presumably venous 1~ scen at A (Wanternitz ef al ¥ courtesy

of Charles C Thoma« )

The mucroscopre changes are hirgdy restricted to the mtimn
1 artous changes cmn be observed  lhere mm be onh droplets of
fatty mutenid within the mtunt shghth rosmg the surface md
surrounded by fibroblasts  There mav be intim dJ thichanmg by
connectine tissue hirge intumal plaques with ireas of degeneration
ind necrosts cont untng soft itheromatous matertal wnd macrophages
with hpords mntimal bemorrhige and 1 new eapllan arcabtion
directls connected to the coronary arterrl lumen and adyventitia
fravng or destruction of the elastic lunellae mtun 1 ulecration and
hemorrhage thrombus formation caletfication and hyahmzation
Yth the lrger plagues the medin may be atrophie and displrced
ta the periphery by fibrosis  There 15 some evidence that the dom
ant clinge m Younger persons 1> & fibroblastie prohferatton of the
ntima lerding to narrowing of the lumen while m the oldir age
o the denosition of hipids m the intuna and their mgestion and
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we of the condition  Connideration of some of the as<o
S\‘\ot:hl;;?m:mnoes already alluded to that the lesons crm\\\m
Jatts matenals that the duense 13 more frequent in males s
Yeties on the octasion of merensed blood cholesterol (hemh!:r\
<anthomitoss] . overneight mdndualy m bvpertenswes  that
the levons ate largely Testneted to epieardinl artenies the aorta
renil and cerebral vessel« suggests that mans factors such as hor
mone- diet blood hipids and mechamea factors (strun) mos bewn
wohed This hos lad the groundwnarh for theors and expernmental
imvestigation It has been suggested that (1) the hpid deposit and
lesiars arsse from a nont selectrs e nfiltratson from the phisma w the
peesence of o pnmary lipemta or hvpercholesteremm % (2) the
priman factor 1 an mvaston of the subendathelrl bwes of the
i by foar cells produced m ind armng from the bner 2
rewult of an merease 1n blood content of cholesterol * (3) the prusi irs
factor 1 the cumulatine effect of mam fatty mends 1 producing
transient plasma shas ers of large hpid particies which enter the vasy
from the hureen of the coronary artery andarebloched mthewntima 1
(4} lacal metabolic derangetnents'™ cause a local oy erproduction of
i (o) the prumary fesion 15 a loosening of the connectv e tissue
ground substance in the intuna i those vessels under preatest me
chanical stram with the bipid content of the plsma =econdamiy de-
termining the degree of fatty infiltration * () the mibal stege
an myury to the arterial wall which locnhizes the leston The mjurs
may ar ¢ as the result of the formation of a film or precipitate over
the mtima thus wterfering with the nutnbion and ox genatian of
the ves el wall #9015 (7) the mitinl stage avrses from frequent small
subintimal hemorrhages which result from the mereased vascularits
of the intima with age #*
Thee theones or hvpothese are poor substitutes for ficts and
are snchuded onbs for the suke of completencss
Attempts have been made to study these lesions species m
whit b thes oceur spontaneoush and to nduce such lestons in exper
imental amimals 1 whieh they do not oecur naturalls
Arternal intimal sclerotsc lestans (alo aortic lesions) veeur sponty
1::‘:\\&1\ and wath consderable frequency n birds 1 ¢ Tn distrivution
morphology these lestons closels paraliel tho e secn m man

Dauber™ was unable to demonstrate spontaneous coronars arter:

wtimal lestons i voung chirkens However about 70 per cent 3!
cocherels less than one vear old were show nto have coronars wmitmal
lesi0m S Y this mstanee the primary leston 1s beheved to be o
medil degeneration s hych antedated the probferition of mtimal
tissue  These naturaily oeeurnng coromans artery tesions :\‘:e“::t
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the witma and the wdventitra Such an merease m vascularization
cmn be mnocuous  However the soft ersty compressible materni
of the atheromn offers no support agunst the capiliars blood pressure
ind hence 1 small, mtramuril capillars can ety rupture with
formation of 2 hemitoma (T1g 62) This mtramural hanorrhage
c1n 1o be small and of ne trouble, or the coronary artery can be
occluded by maseive hemorshage mto the wall by such eapillary
rupture with the formation of a Jarge hematomt which pushes the
mtime centrally and blocks the lumen by virtue of 1ts size or by
rupturc through the mtim and subsequent thrombus formation

I16 62 —Masstve recent hemorrhage mto the wall of the ntertor
de cending rimus of the left coronary artery  Thelumen ¢ 1o occluded
becwuse of compreesion by the tramur:f hemorrhi e t The endo-
thelnlbmpg b ssmiackand theressnothromby  [Wartman ' %)

\ecropst records mdicate that approvmtcy 5t per cent of wucly
mtimy!l hemarrhages lead to thrombus formition at the site, nd
thit bypertenstves with coronary sclerotic lesons we 2 to 3 times
more Inble to hive mumu hemorrh s than normotensnes with
sumtlar extensive sderotic Iesions Bt Tt 1y thus @ very amportant
cause of coronary constriction and msufficency

EXPERIMENTAL ARTERY LESIONS

Caronary Atheromatous Lestons —Notinng during hie or after
deth of peesons with coron iy theroscJerosis stands out 15 the most
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dusion inmyeeduma dibeties nith high blood hpwd and cholesteral
salyes and the high meidence of such lesions m svstemte xantho
matowts sssoented with inereaced blood cholesterol and hpads has
focused attention on the iden thit alteritions m hipid weestion
absorphion métabolsta or excretion mav Fuvor or he nevessars for
the disease  Howmever the evidence 3= not mpressne tht lipd
changes 50 obviots m dmbetes vanthoma and nephrosts are al o
Present 1 most eases of coronars atherovclerow
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= the same age group Ructuate within wide
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wssociated with cles ation of any ipid friction of the blood, and the
feeding of cholesterol with ssociated increase in blood cholesterol
levcls does not merease the number of lestons but accelerates the
arteriosclerotic process espeairlls i the mtima cawsmg hprd
mater1l to be lud down at the pomnts of pre-eistng spontaneous
festons and resulting 1n the formation of stenosing plagues of the
itherosclerotic tvpe 8 In the rat rabbit dog, monkey cit, gumen
pig, ind hamster, spontaneous coronary arters intimat lestons are
rirels found

Carontry lestons hive been praduced capertment alls 1 the ribbat,
chichen, ind do,, 2 31116718 Tt hao pot been detersmed to what
extent coronary lesions can be mduced m other species  Coronary
lestons e produced m the rabbit and cluchen by adding cholesterol
to the diet wnd m the dog by the ddition of cholesterol combined
with thiourael T g Amounts of cholestero! (up to 10 yrime dals )
fed to the ribbit ind clucken produce the lesions onlv after severl
months of feeding this 15 accompuned by 2 3 to 10-fold avgmen-
tation of the normal serum cholesterol v ues (60 to 120 mgm  per
cent) In the dog fter 4 10-fold 1ncreasc m blood cholesterol aver
normil (100 mgm  per cent) for four months, the lestons ppeir,
although manten ince of blood cholesterol v alues at 1bout 400 mgin
per cent for twelve months 1s also effective 8 In Wl mstances the
mcrease 1 blood cholesteral 1s assacrited with 4 concurrent werease
m other blood liptd frictions and the Jesions arc preceded by ex
tensts e cholesterol deposits in many orgins and tissues

Intravenous wnd ntriperitoneil injections mto the rabbit dog
and monkey of varous macromoleculrr substances such as polv-
vml nleohol peetin gum 2cicr gelatin cellulose abso cause
rtheromatous lestons of the coronary arteries morphologiealhy re-
sembling the lesions 1n man except that the lestons contun the in
jected substance rather thau cholesterol or hpid = #

The naturally occurrtrg or expermmentdls induced corontey lee
sions are similr i mans respects to the human lestons with narron-
mg of the lumen plaque formation marked mvmal thichenmg
through tccumulition of foum cells contmnmg fatty materal
connective tissue prohferition and compression of the medin with
degenerition of 1ts muscle cells but the cndotheltum rem ans mtact
and no uleertion or thrombus formation hrs been obscrved T igure
3 ditustrates such 1 leston m 1 coronars wters of the dog follasing
lotg contmued feedmg of cholesterol md thiourial s

The experimental production of coronry mtimad Jesion~ b cho-
Yesterol feeding or by macromolecular substances together with the
chimeal evidence of the lugh meidence of coronary stenosts and cce-
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electncal and chemneal cauterization freezng 1t winn € deficicnes
wgection with rotating substances such A sesds «ther mgection of
bactera avd ther toumy lerd meotine harse serum ditals eaf-
feme mercune chlonde weanium titrite tyrunine vivsterol epme-
pheme thvtowa (See reviens by Rtz ® and Duff®) and by stinu
faton of cardiac nerves ¥
Means to prevent the spantancousiy oCCUTnNg oF the holesterol
induced Testons m the extracoronary ves (s have ecntered around
the diet and the hormones In the cluchen pontaneous ot
lestons are not pres ented by dietars 1t restnctm ™ Tt are reduced
b the sdminstration of desteeated tharod ml poty sm olide ®
{ipotropie substances nethiomne bipacaw choline betame and
tecythin reduce the hipd concentrations 1t sues but ther pm e
protective effect on the aortic lesions of the choleste ™l fed ribint
or disbetic dog 1> debatnble 136057 g 1o 1 ennous fret that
affetan dizhetes pratects agunst cholesterol mduced athcromas *
shereas drbetes tnduced by piuereatectomy mu lerd to marked
athero clerosts®  Tn the nortn of ribhugs cholesteral induced
teioms re Tetarded or prevented by the whmm trnon of thnrmd
2hed and potassiom sodide by orgami 1odide Y by tedtn
terone 1ad extradiole w femnde mbluts with it wt gonnd - but not
in male rabbats #1% Fach 1gent whith s effectine agunst wharo-
sclerow abo pretents bvpercholesterolomin except the organx
tadide which prevents leions n the presence of a w trehed s perchio-
Testerolema
From e precedmg the condstions of e cspenmant ) lesons
ddffer 1 some respects from the humin lewons  there it
t:;[‘::’j; \\Iu:nl\)x:\’&ns):i c\;«;&hm;ml in the diet wnd the hpen hnlester
ot o 1 e ed the l’w‘;\t ob-etved i the coronar arterus
PN 5 ¢ svsternic mfiltration of hguds w the € <ues the
hu? d’ ste Wlemu alwavs precedes the deposttion of cholestcrol
10 defimte rel itronstup has been established between the height
a““‘ durwion of hvpercholesterolemiy wd the digree of arteria
:nt‘:sh there v no ulceration of the mtun 1 or thrombos of the
e‘:i::"::x:ﬂ, :;:u; :::tfl;e(:;\: I:!:::;;s o5 the dwphic on of \ture
e tabl b 0wtz it wold profit by, th
! hment of adequate eriteria for the production of th
mnental di ease and evaluation of men, i < e
tadvion  Ta dat " s for 1ts presention or re
<uffiriey ate oSt experiments have been done without
ot tigard for the contro} of 1ge wesght scx and diet 1
Ortunatels most expermentsd stuthes of athern. 4 o
wade on the aorta o aert ot o tosclerosts have been
e LOTONITy artenes  Smee
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hmits the cholesterol m the blood of 1 normal adult mdwvidual 1s
essentrlly constant during the dav and at least for 1 few vear
ad 15 not altered sigmficanthy by ens ronmental conditions, g
habits, state of nutritton moderite over-feeding with cholesterol
with or without fat, although the lev I can be signmific ntls mereased
by duly feeding of 100 grams of egg volk powder contaming 8 grams
cholesterol and 14 grims leethin 7 It 15 debatable whether
blood cholesterof and hipid v 2fues are meresed m those mdiv iduls
of 1y age with marhed coronam irtery disease ¥ 9097 Lom0is et
1s posstble that following coronary ocelusion chalesterol values arg
merescd, although of true, 1t 15 not known whether these values
eusted before occlusion or were caused by 1t %7 The fict that the
range of values obtauned v anes greath with the method and tech
nte] procedutes used does not nsprre confidence m the 1alues
reported for the cholesterol and ipid contents of the blood

The fact that micromoleculir substtnces can induce coroniry
lestons ruses the possibility that inerease 1n size (without mcrese
m quantity) of naturdls occurrmg substances m the blood strem
such 75 cholesterol-protem compounds, may mmplement the
coronary leston  No good evidence exists on this pomnt althouth
1t 15 reported that following fatty meils showers of huge fatty
particles appear m the blood strewm 16

\o expernnents have becn reported which prove thit experimental
coronary artery festons ean be reduced or prevented by i treat
ment

FExtra coronary Atheromatous Lestons —Brief mention 1 made of
these lestans becanse of ther sumlarty m mun to the coronan
arters lestons  Thes oceur spontancousiy only m the vortt of the
chichen,” but they hmve been induced i different species and m
almost everv artery and vem, mcludmg the iwrta wnd cerebrl
vessels 1 whieh thes occur in mn - The aortic lesions hrve been
mdueed i the chuchen by cholesterol fecdimg *n the dog by choles
terol and thioured! feeding % w the ribint by cholesterol feeding
or mtravenous myection 7 by a hugh protem defitted (e diet
without cholesterol 1 and posstbls by 1ortic constriction eentral to
the reual arteries 2 In all mstances except the hst there 15 an 1osn
cated marhed hvperhpemrt

Attempts to produce the lestons m the orts ind perphersl ar
teries of the dog mbbit gumea pig and rat by mechame ! mifections
and tovic means have all fafed  Thesc attempts have ded sanoush
to wflammatory lesions medi1l degeneration necrosis caleification
and aneurssm formation but not to intimal atherom s Some of the
agents emploved mclude hgation pulling and pinching of arteries
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imerted mte n adapter fitted to the il end of the ho ¢\ ope
niphetal rewstance {PR) w13 mtrodut el di 4l to thy con tocting
tube and separrted from 1t by w38 tm fength of Ly duoeter
hoe 20mm 11))  For the PR omechamam one of & sl ~et
of metal tubes 20 wm long (1D rwang from (3 t0 T0 mm )
saswed  Blood or aciery solution with vy oty approvmating
that of Blood w 1» tlowed to Bow by gravts at a constaat hndeas
static pressure 1nd the outflow from The PR tmbe wi timed and
measured
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In fi
e 5\1:;:?‘ ;;: éylatted percentage reductions m lusmen ared of
teent poe n: \ersus percentage decseases n flow when dif
abe Ty nerd re l;tah(es were tmposed distal to the constrictin
Hherespa e m;ne(ne of the PR tuhes e wdic ted h&\(‘:
e commetins s n the high PR rnge (small bore PR tubes)
e o & m;s imit flos vers hittle until the percentage de-
resstince b Boven high  Setvally when the penpheral
s tmuch 45 2 90 per cent reduction m lumen area
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wtherom itous lestons of the orta do not add to the work of the
beart or lerd to heart fulure, such waghtng of cxperimental
studies 1> Justificd onls provided that the 1ortie or peripherat iteriad
lestons murror simuttaneously occurrmg wnd symbar lesions m the
cotonary arteries  Chmealls, the correlation between such lestons
m these two regions 15 regarded by some as poor  The necrops
studies of Y ater ef al ™S on 457 men from ughtecn to thirty nme
vewrs of age supgest that coronary arteriosclerosis 1s 1 speeific dis
ewe of the coronn arteries and not part of 2 more generalized
wtersosclerosts

As vet then experimental studtes directly attaching the problem
of coroniry atherosclerosts have not been productive n elucidating
the mechawism of or preventmg the nduced lewons However the
functionn) consequence and compensators phustolo,ical responses
to controlled evperimental corontry constriction and occlusion m
wate wnd chromc mmals huve been extensively mvestigited

THE EFFECT ON CORONARY FLOW OF PARTIAL REDUC
TION IN LUMEN OF THE EPICARDIAL ARTERIES

though thiy would seem to be 2 very smple problem i which
it could be predicted safelv that mtrusion on the lumen by
itheromatons phque or locihzed thickeming of the mtimy would
decrease coronry mflow  this 1s not necessarly true  The flon
mun or may not be affccted imd no definite predictions can be
made  Accordmg to Poncudles hw  the rate of flow through
small tubes 15 directiy proportional to the $th power of the ridius of
the Jumen and to the pressurc drop across the tno ends md 1> m
versely proportionl to flurd viscosty and length of tube I the
Tuteen of 1 grven length of vessel 1s rcdueed by 1 fived amount and
the viscostty 1s nat altered, then the rite of flon through the con
striction will be governed bn the pressure difference acro s the two
ends of the constricted segment  The fretors determmmg the
pressure difference re the pressure on the upstremn <ide of the
constriction, the resistance to flow through the constricted segment
and the peripherd resistance of the artcries md vasc ulir bed distal
to the constriction

As 4 first approich experumentl deternunitions were made m
an wtificr) system m which the abose factors could be more esih
saned and controlled  The 1pprratus used consisted of 2 hirge
reseryour t ik to the bottom of which was connceted 1 rubber hose of
1arge drameter (I D 2em) A metal tube 10 min 1n length with
a2 o hindrical lumen diameter of 05 10 15,20 25 or30mm »as
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estern | diameter of 2 \eq el progressn ely decrenses (by mechamel
ot active consitiction) 1t can be shown thit the <ame pereentage
decrewe 1 the ewsting external dimeter will cau e an mere wnghy
greater percentage decrese m the evsting Tomen arer A second
a8 ety wapredictable fxctor which mas alter the ultumate
Baence of & localized comstriction upon flow 13 the reponse of the
penpheral bed  When the flow 1o the bed 1> reduced I eentral
con triction the pempheral vesscls mav dilate a3 A yewuht of the
avsoesated ticherart and the flow s tend to mcrense the catabined
result of which will be a new equilibrum

Hence stnce the persphernd resistance m any one Vascular bed 3
constanth changing, nd will be altered (decrensed) by the anoxy
wdoced by amy central constrienon amd snet the effect on flow of
am central reduction of lumen s a function of how much that
resitance 15 1n refation to the perpheral resistance na predretions
can be made 4s ta the effect on bload flow when the coronary anten
15 constricted 1n the dog by known amounts  In the coronan bed
prehmmary unpubliched obscrvations have indicated that the pe-
nipheral res) tance 15 reltivels high and generaliv sizeabl rednetions
i himen are necessars before nfion decren e Thus the reduction
ot the lumen of a coronts ves o mas be of bittle tunctional impor
tarce ta the sosoular bed supphied by that vessel mhen the rite of
2?; : a:!gead\ lqt\:ed but the same constricion may <ericush hmit
Ytera :::;?et 1;1; at the time when the requircments of the

iy ) est and fow would otherwie he much greater 17
o vowh thyy compensators dilatation of the coronary bed m
(bio ir:he;u;‘ (:!E! cl:y‘r:lsr:;c[:\;\nrn{l»ts LE‘Xflilml arters 18 hryted and flow
the flow can he redueod andnt {i‘g“ canth  The extent to shich
segion fod b the corun - : ﬂl m":mtmn sy stofie shonenmg w the
" ers has net been determined  Tlow

er sgmiicart changes do not oceur in the electroeards L
the flow, 15 reduced approcmteds 7 opram tatd

v 70 per cent 1% Thewe changes are

erible and diappear compl
eted t!
after release of the occlusion plach i thn o five mvtes

THE CARDIAC RESPONSES TO SUDDEN OR GRADUAL

COMPLETE CORONARY OCCLUSION
5\;{2?‘::;‘& t‘be most drumatic eprsades m which the eoronary
s {h‘ t; ved and have been studicd extensic els expenimen-
et e hearts whick develop a coronary ectusion 1oany will

mimedwtely or withmn a few davy and die  Others ol
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of the central constricting tube 1 necessiny to mduce 1 rewdble
reduction m flow m the svstem  With 4 leseer penpheral re istance
(hrger bore PR tubes) the central constricting tubes are much more
eftectine m lomting flow, and ths effect merenses untal + ath 4 > mm
PR tube there 15 esentidle 4 hnear relationslap It s evident
therddore, that the periphertt reststince mechinsm 1t the end of
the flon arcmt phivs 1w estremeh import mt role n determining
the extent of flow reduction Cuused bs the more central constriction

One would anticipite quite sumiar v wrations m flow reduction m
w w0 preparttion where the PR of v given s ascular bed mu
undergo consider ible chmge through \ 1sodilation nd constriction
Fupernmants have been made i wnesthetized dogs i which the flow
w1 mosured 1 the carotid artery by 2 rotameter, and the same
wters w s constricted by bis tved Tuate bloecks, 10 mm long, with
centrills pliced eviindricd holes of griduited diymeters (05 to 50
min ) applied to the vewsel peripheral to the rotimeter  Lhe mom
flow w15 noted before wd immediately fter placement aronnd the
wtern The external dinmeter of the artery  without constricting
block was deturmured by enarcling the vessed 3 tumes with 1 e
sk threxd tvmg the hnot snug to the wters, cutting the thre id
md mesuring while still wet 1ts kength from nhich the external
drumeter was computed it the end of the experiment nd sithont
disturbng, the rters length, the external diumeter of the vessel w s
wgun determued, wlule vsmadl ghes rod of measured dimeter v
inserted mto the arternd hamen throngh 1 sht Trom this daty
the cross scetonl wrer of the wrternt wall and the vessel Jlnmen were
ciculated  1he combned results of two experiments are presentedt
w figare 05, m which e plottcd the percentige reductions m flow
verstis pereentige reduction o externd drumeter (++) ind Tumen
arcy () of the artery T wh pownt mdiertes the percentage chuge
from the control to the mechamcaih constricted stite of the artery
The blood flow runged from 140 to 525 < per mmute under different
conditions wnd mem blood pressure remuned const it during the
wetual determuations  In contrast to the orderls sequence of
changes m flow observed with the griuty svatem m figure 64 the
same reltronshups recorded in 1o wath successn e constrictions e
dectdedls wregulir even though the PR of the bed was not mten
tionally altered  When mtroglveerme wis given or hyperamy
mduced the points were even more trregul i

1t 1 evident from the wide catterng of pomts mn figure by that
fhere ¢¥ists no fined relationship betwecn percantage reduction
{low nd percentage reduction m the fummad or evtermal duncisions
of \ vessel i niro This artses from 1t le st tno fictors  As the
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Locke s solution apparenth hi 1 irger met holsan than bofarc
fibrttation

A satisfactory explanation of the mechmsm by which vontreudwe
fibrdlation 33 1mtited spontaneousy after corominy aeclusion or
after the vanons effectine agents 1 not v ubible  However the
woth of Wiggerst® 1 and hang® s done much to chfs the st
wition  When an efectrie current was applied to the heart ventne
ulor fibmllation was mduced only when the stunubus w1 strong
enough and a portion of 1t was ipphed during the st 05 to O 0L
seconds of svatule (the vilnerabl penod of the semtncdes) 16 -
phed at any other moment of the cavhac evele a prem ture ventnee
ulir contraction folloned but the electrical stimulus hd o fbnit
lators effect no matter how strong  In ventrieulir fibnflaton
spoutancou Iy occurning dunng coronary occluson thy casatine
stimulus must probibly come from withim the heart Ao ording tn
Wiggers concept one of the <pont meon v oecurrmy stunul whieh
an.e 1 the heart from ectoprr for after coroniry teclu son
sihich fead to prem sture, s\ stoles probably fulls withm the vulner
ab'e perod of \ normal heartheat or that of 1 prem wure heartheat
an iy, from discharge from another center and Sbrthstion thin
follows The probablity that such a naturills oLy, stumihis
bas an adequate wtenwts 15 enhanced by the obweriation thet
mocardial neherma reatls reduces the threshold of the ventricle
toartificia} fibrdlation during coronary octlusion ™ Thus 1 natural
electrucal wmpul e discharged at the proper moment 1s sufficitnt to
fbniinte the tentricles i the presence of 4 low filinllation threvholid
ansing from my oe wdial 1schemy %

Fsperimentaihy m dogs 1t s rarely possible to resive u he et with
i‘;‘;‘l‘;‘}““m CORRANY artert tinkess the occlusion 15 first remon ed and

e rea flooded with arteryd blood 1 ven Biere o by
;}l’g‘dn ::“’ ":’e release of the coronan artery 1nd the roantranee of
“”Wﬂern\: e "(‘i“dfd region will weelf often nduce fibrlation
Tase Bt 8 relatnvely simple matter to rey we ventncles whah
llated spontaneousty without coron s oucluvon or ol
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survive, and gencrally m the presence of extensive collateral devel
opment

Ventricular Fibrillatton —1 he occlusion of 2 coronars artery or 1
branch n man (or experimentalls, m ammals) accounts for the
great majonty of cises of ventricular fibnllation  In addition, it
can follow an adequate elcctrical stimulus applied erther directly to
the heart or to the bodyv surface,t chloroform anesthesia,10
the admmistration of epmephrine 1n assocsation with barbital or
cvclopropane anesthestt,’ 18 or benzol mhalation, the admm
wtration of various drugs m towe doses such as digitals, ouabin
potassum chloride, quimidme sulphate and papmerine,! 1% 1%
and mechanical msults to the heart

Not all species are equally susceptible In man, the dog, sheep,
and goat, ventricular fibrillation occurs readily 1s not spontaneously
reversible, but can be made to disipper by artificial means  In
the frog and turtle, this condition probably does not oceur spon
taneously and 1s difficult to mduce but, followmg its occurrence
spontaneous recorers invariably occurs  In the mouse rat, cat,
ribbit, monkey and fowls 1t 15 easily induced but spentanecus
recovers 15 the rule

This condition which was first deseribed by Ludwig m 1850 has
been studied mtensis el to the prescat time  The force by means of
which blood 15 ¢jeoted from the ventricular cvvity arses from the
essent1nlly simultaneous contraction of all the muscle fibers of the
ventridde  Duning fibrillation  the fibers still contract but i an
unorganized and disassociated fashion and in small areas, with only
a few fiber groups contricting 1t any one time  Vehen ventricular
fibrillation occurs there results 4 precipitous decrease m systemic
and pulmonary pressures an incrensed systemic 1enous pressure,
and denth follows withmn a few minutes  Durning the first few seconds
of the process the ventricle undergoes 2 few undulatory contractions
which resemble premature contractions A fur degree of coordiny
tion still exists and rither large muscle blocks are excited m se-
quence I ater successhe stages of incoordmation set in character
1zed by progressivels more frequent contraction waves mvoluing
progressively smaller areas At finst these arens although out of
phase, execute powerful contractions but very soon the ventricuhir
surface 13 broken up mnto 2 multipherty of very small independentls
contracting areas of groups of muscle fibers all out of phase  Tunally
after a pertod of time vary g from five mnutes or so to half an hour
all obsersable actiuity ceases m the ventricle ¥ Despite the fact
that no external work 15 done, the fibrllating heart perfused with
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1 of grest adoe Bt w openchest dogs the strength of the
egheet Current stupufus st sufficient ta v ¢ hbnlftion the <o~
called fbnflation threshald W found  L~ng this method the
Sbrllation thresheld w33 preath reduced durng eqpnmental coro-
W orcduon % the drgs quindme procame drenadine ad
papnenine exerted a protettin e etion fnest wed fibniltion thres
fold) agunst the induction of ventnatae fbmihient® 9 by e
trr me s while therapentic doses of diptabrs ¥l nea chonge the
Yotk Howewer vo drug ot procedare even though it mw
e the Ghrillation threshold has been found whach yender 1t
wopoyatble to iduce ventricular fibnlltion by electn 1 stonulabon
du e the \ulnerable period Tt 15 a1 o doubtiud that m coronsn
aeloion 1 which fbrillation 19 st fewed At o deug e3n veach
the 1 chemtc arey w sufficient concentration to he efectne
Caliateral Development - From the diigrum w figure 12 p 33 0
1 omions that the comman circuit v wtneate snd comples
The retaons of the normal heart are sifernarded by many acinod pud
potential sources of supph of bload (1) from the norml e ronn
atterie (] from ntercordnany arterial and \cions any topoe
cotirertions (3} from arteno-<inusoidal apd artenohminnl w1 1bs
cotmecting the coronary arteries 1nd the himm of the ventricles
14} from Thebestin vans conpecting, the coronars vems and deart
castties and (3] feom extracardiac ves €y connected to the coren vy
artenes ant cems foneser thar mere existence apd the abahiny
o mject them m dead hearts does not wgmfy that any ar afl are
functionally wdequate wd the fact that acelusion of = smal} braneh
of 3 toromary wRern mu o often ve ult 1 an miaret andior Jeath
mdicites a0 wadequte functioning of these appirent <ieguands to
the myacardial blaod supply
S el be seen phy olomieal studies hase chinfied tn some cereat
e wechanwo by winch (e awocasdum » noars hed 1 the pres
ence of acute of chroni cotonars ot 1 ar sem abstruction and has
it mas he uded however the ultimate solution of the problem of
development wwurce and determmants remuns to he elucsdat H} ¢
Dhnamic studies §Hlosmg acute apd <hrente ob tructin Hg
u‘\‘mn n \m\\'\ m \\hll))):hli’les have been mo Ny
charwter nd source of the rol)
to prcstre head ander mb o ’"f;ﬂ‘)( E0:S A;eit):ogmde flow a3 well as
centrafh wccluded coronary arten ve herat eny of the
3 And the extent tn whuh, w
plices the normal blood upph of the e lud, od w3
bate been mort, helpful coronary artery
Tu the tuds of cojlagem
stricted or oclugde) abrupt

de af the solume

; the coranary arteries may he ean
b oor gradust  For chrome eXpRy
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depress contractility and the activity of prcemakers while caleium
wakens many foer of excitation so that such hearts easils revert to
the fibnilatory state I ater, Wiggerats? with Wegmn revsved, modi
fied, \nd 1nproved the countershock method of Iooher, hounen
hoven and Langworthn 3 and found that by the applicition of 60
evele alternting current of 1bout 3 amperes 1 mtenstts nd 0 L
second m durition through padded electrodes apphed to the fibni
lating ventricles defibrillation cccurred 1n 1bout 100 per cent of
trials w dogs whose ventricles had been previously fibrillated by
wphiing 1 small shoch dunng the vulnerable period  1he author
h1s found that 4 normal beat may be reestablished by such 1 pro-
cedure after cghteen to twenty minutes of fibrlhtion, provided
there 1s an oceasional massage durng this pertod

There e formidable barrers to the prictieability of the use of
the counter~shoch method for the resnal of human ventricular
fibnllation during occluston The humwn hert 15 consideribls
[weger thin that of the dog, and m the Iarge dog hearts it 15 often
difficult to obtan sufficient current penetration to stop fibnllation
n the depths of the mvocirdium  In wddition the counter shoching
techmque 1s most effective with the electrodes in close proximity to
the mvocardium nd within the first few minutes fter fibnllation
Sinee an externl current of sufficient itensity applied to the chest
wall would be dumnging effectin e use of the counter shock method
would entul cyposure of the fibrllatmg heart under 2rtificeral res
prrition for electrode application an undubs long and noxious pro-
ceddure at the end of which mnv of the bodyv orgwns would hue
undergone irresersible mjury s the result of the sust uned ot
Tmally the fact that most cises of humn ventricnlw fibnliation
oceur 1fter coronir occlusion renders the successful application of
present methods cven more difficult, for 15 already mdicated evper-
smentalls i dogs 1t 1s generally wnposstble to ravise such 2 heart
from ventricular fibpitation  Amy great hope for suceess nlon,, thesc
Tines 15 probably restricted to m occastonl cast of electrocution or
to a patient who deselops hbrilhtion from m (xtracoronary vessel
cauce during the course of thorwx surgers  1rom this pproach
the method lins beent used successfully by Beeks n rexn g human
hearts from true fibnillation

Since defibrillation of 1 heart with coronary occluston 1> genertl
not practic ] with present methods efforts are bemg direeted tow ard
agents that mught prevent fibrillation YWhile no one agent has been
shown to obuiate fibrillation the procedure derised by Wggers and
Wepriat® m 1940 to test the effect of different factors on the tend
ency of 1entnicles without caronary occluston to go inte fibrillation
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during diastole that further reduction w diastolie fillng, by big wing
2 rotanary colliteral ts woufficent to affect ditstole preseury aud
the peripheral prdse pressure ® %0

{he above wihicated fact that ap mcrease 1n blond fow through «
itentialls wircted Ares fottows an sugmented venous return prov

;\des 1 porual bosis for the rationate of the use of bood transfusions
ollowmg Covonarny oclusion m humans!  Honever the vatne of
sith m mcrense w coronary eolateral bload flow must be oftset 1n

x;‘ann-\! least b3 the resultant ncreased work lond phiced upon the
L}

Despite the pre ence of 2 small collateral biood supp!

potentilly mfarcted area the myocardim normalh pll:'d‘ lt: tt?xz
orduded coronars aster becomes oy notic after approvmately ane
n{:nute of occlusion and expands mith each hetrtbeat rather than
shortens (See ¥ig 66) Tennant and Viggers'® were the it to
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iments, an arters mav be tied off abruptlh but more gradual con
striction of the lumen mav reduce the madence of ventricylar
fibrillation, minmize mfarction and augment colliteral devdop
ment  The use of adjustable mechamenl, or usmotic elumps or the
applieation of tight-fittig bakelite rings or cellophane bnds to the
artery will ultimately lead to complete coronary occlusion 1%
Unfortunately by none of these methods ¢in the tume of complete
occlusion be known, nor cn the per cent reduction m flow be pre-
dicted even if the extent of loeal reduction m vesscd lumen were
hnowun  As m other vesscls, the effectneness of 1 gnen locthized
constriction 1n reducmg flon mav be large or small and will vary
mverse relation to the periphernl reswtance of the vascular hed
and lumen area of the constricted segment and 1n direct relahion to
the aal length of the constricted aren flow veloetty and blood
Viscosity BT

No entirelv 1dequate method 15 1y ailible to measure the extent
of development of the collateril coronary bed m acute or chronie
experiments «fter occlusion of 1 coronary artern  An mndicition of
mtercoronary collateral development can be demonstrated exper
mentally by mensurement of retrogride flow nd/for pressure from
2 severed maun coronary branch % by ultimate mjection of the heart
with ridiopaque materal}® or by its perfusion after death with
radioisotopes or griduated gliss spheres 137 138

Some of the immediate and delwed effects of coronry oceluston
in the anesthetized, open chest dog are illustrited in 11ble 11 Im-
medtely followmg abrupt occlusion of 4 mam branch of a coronary
wtery the retrograde coronary flow approumates0 5too Scc /mm m
different sized dogs and 1s relativ ely constant m v one dog forafes
hours ¥ # This blood 15 bright red and hs the same o<y gen content as
blood 1n the systemic 1rteries  As to be expected, the pressure m the
coronary artery distal to the point of occlusion falls greath  bemng n
the ringe of 30/20 mm Hg It 15 obvious that the occluded bed 1
incompletels fillel The retrogride flon and pressure yalues arc
easilv and largely mcreased by augmentation of venous return and
qortic blood pressure  Mesurements of retrograde flow durmg
temporary clmping of the other coronry arteries indicate that the
Jatter are the major source of flown and when both are temporaniy
ligated, essentiallv no retrograde flow could be measured distal to
the hgatures (See Tible 2 p 81) However, the peripheral coronars
pressure does not dechne following clampmg of such potentiz!
sources of retrogride flon  T'he most probable explnation for the
failure of the peripheral coronary pressure to decrease in the latter
instance 1s that after occlusion the coronary bed 15 so poorls filled
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the peripherl pulse pressure 5

The 1hove mdiated fact that w ntrea e m bload flow theoy h
potentindly mtnrcted arcs follows an Sugmented venous retyrn L!m:
yude Upartuad bass for the rationale of the use of blood transty E
followng, coron v occluson 1 humnpg 1 Tonerer the ‘Iq ons

uch monerey e w coronar collate gl blaod flow maw he oq\:: :f
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part wtlext b the sesultunt werea e work bad plaved upon the

De pite the presence of 1 sma collateral hlood suppl
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call attention to this important fict  In hundreds of occlusions, we
hme never seen an mstance m which shortentng of muscle fibers
during systole returned spontaneously, or that this could be mduced
by alterition of svstemic blood pressure (but see Cordw ef al 1% On
the other hand the fact that the are1 bulges during svstole does not
necess iy mean that the myvocardum 1s not viable It 15 more
probable that 1t 15 attempting to shorten, but the force exerted 1 so
weah 15 to be over bilwmceed by the mtray entricul ir pressure winch
distends 1t This 15 rendered lhels by the fict thit with tune
only smll wrexs of scrring develop

AP AP

T 66 - Reproduction of e ments from record showin, m A normul
contraction nd i B fule of contraction after higation of ramus de cen
deas anterior wnd the coronawry wnus AP awortie pressure CP - coronny
pre ure M myogram 1 b approvimate duration of sy tole 1t e of fn‘m(
M mdicites shortemn,, of muscle fibers  Time 0 2<ec (Greggetal't)

Despite the smll collatera] blood floy nd bulging of the mve
cwdium with ewh sistole the aortic blood pressurc ind eardix
output m 1t be sustuned or mercased U and the night atn 1l l)r(‘\\llll'(
mu not nise . Howcver the more usual occurrence s that the
hertbeats become immedintedy hypodvnamie  charetenzed by
decrewsed pressure wunplitudes ind 1 sigmificint redoetion mf:\ls
tolie dt charge 1nd the mterval of sustole  In consequence of the
wstolic output svstolic and diwtolie prossures il These

ed
redue r by an mereise m diastolic

effects re prompthy compensated fol
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aze and 8 e of imul tension whuch vestores to porn Wl the svstohe
preveure 1 the left ventrule s well as the duration of contraction
1t presumed therefore that the remunder of the ventncle with
stspormal blood suppls 15 corupen tng for the potentills wl wcted
msocardum
1n long contuied hgation of 1 coronars arters or 4 braneh i an
atherwe normak heart. the flow, of blood from the cumulited per
pheral end of the arters becomes quite farge In the left caronan
ram farge mereses 1 flow have never f wled to be etabh hed
Tpical 1 dues re geen m Table 11 The retrograde Wond flow
tarts to increse within 1 few hours may double wathn forty-eight
hours and 15 3 to 4 times the contred feved Mathn o weeh  Tn the
lelt descendens the values have vaned {rom 6 to 100 co per minute
10 the fett arcumflex from 32 to b1 e per mmute  In the nght
coronary arters the penpherd flows are generadhy lews than 1 the
Teft (at the same aortic blood pres ure) and have saned from 01 to
Mee per minute Withm 1 few weehs the flon s ipproumate the
preccelusian values for the normal rite of wilow w that coronar
arters ot branch  The obseryytions that the rtrograde blood
ha the same content of axvgen and carbon dioxule as that in a
S5 temc artery {eaves no room for doubt that the eollateral (reuls
tion established 15 on the artertal side of the coronary cypMan bed
Assoerated with the augmented setrozride blood Qo terlon,
sustamed coronary arters occlusion s 1 Lrudual and wlumatels
targe elesation of the ssstolsc and 11 ol preswures w the perpharat
end of the aceluded coronany arters %1% Thewe trends arc nds
tated w Table 11 The peripheral coronan pressure immediateds
after coromury astery hration approvnates 20 wm Hg o
sigmficant change oceurs generidly for the first fes das despite
an wcrease 1 Tetrograde biood flow  Tlowever ufter 4 week or <o
{evpt 100) the peripheral coronan pressure 15 eles 1terd conuiderabls
The averwge penipheral pressure meduding mamy experiments pot
o Table 11 approumates 5228 mm g tn the descendens 72138
mm H( in the arcumfiex and 68/0) mm Hg n the nght corat
artern  Ultimateh many of the 1 Jdues approsimate the ¢enteal
Pressure w the unoceluded cotonary artery
“‘L\‘: l: ‘E:\t; :?:\titn :‘;:\(rec [i:;\::r:?i)“\ m eardie hemeds nsmiey
the presence of a chromealls occlud ¢t 2aa of blood prewsure m
occluded commam arten gesult
rorresponding augmentation of pe phera} coronary pr 4
Hlood fon  Tvpiesl examples of the avgmentat o wd
crensed aortic pressure on herat ative effect of in
perpherd coronan 3
Min troted m Table 11 pressute and flow e
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Although such findings defimtely indicate that 4 new arter
blood supph of good volume and under 2 good pressure hed does
develop spontaneously mn a potentually nfareted arey, 1t grves no
mformtion s to whether 1t 15 sufficient m quintity to nourwsh the
muscle mass previoushs rendered 1schemic It 15 improbable that
flows of such magnitude s were obtuned experimmentally agunst
wmosphertc pressure esist when the chroniealls oceluded coronn
artery 15 not permitted to blecd  \s already mdieated mn figure 66
immedintely after occlusion of 1 coronars arters, the mvocirdum
fed by 1t expands with exch hertbeat rather than shortens  Hence
the conclusion 15 justified that v persistence or recurrence of
contretion 1 hearts with complete coronary occlusion 1s ciused by
the appearance of nenh functioning collaterals  In most hearts
with occlusion of 1 coronars artery or branch small wreas of searnng

R0 2

l1ic 67 -Reproduction of record showin, systolie shorteming 1n myo
¢ irdial area of 1 chrontcally occluded rimus descendens M myogram
vertic intercepts duration of systole AP 1ortie pressure CP coronary
pressure a4 b <y tolic hortenmg Time 1 0<ec  (Greggctal )

we present but m all dogs (except one) that hune survived this
procedure the potentially mfarcted arer was visbh shortonng
during svstole A typieal mvogram  tiken from the myvocirdml
rcgon of the Icft descendens after one hundred siv dwvs of occlusion
1 contuned 1n figure 67 The record show s sy stolic shortening (a b)
Although such s olume flows of arterial blood are appirently ade-
guate for the metabolic needs of the potcntially mfireted myocar
dwm 1t should be emphasized that therc 15 1 considerable natural
\apation 1 the abihity of such anastomotic circuits to develop m
different dogs  The mortality accomp s ing these coronars oper
stions 1 con~iderable  Those dogs which surine complete occlusion
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of a coronary artery, without doubt, represent a select group nat-
urally endowed with 2 high resistance toward this tvpe of procedure
Studies have shown that the pressure curves obtuned from the
peripheral ends of major coronary rumi shortly after their ocelusion
are furly constant as regards form, magnitude, 1nd time relations,
with the exception of that in the nght coronary artery, mn which the
magmtude 15 less 2 Typieal contours for the descendens and eir
cumflex brinches of the left coronary and for the right coronary
arterv are ilustrited in the left-hand side of figure 68 Simulta
neoush with the onset of the 1sometric contraction period at a the
peripheral pressure starts to nse, and then contimues more slowly to
the opening of the aortic valves at b to reach a peak value at the
beginning of protodiastole at ¢
A careful studs of 4 large number of curves from dogs with long
continued occlusion of their coronar artenes lias shown that the
pressure curves 1 their perpheril ends are generally altered but
not according to anv consistent prattern  In figure 68 are pre-ented
peripheral pressure curs es obt uned m the different coronry artenes
for compimson with the curves from the correspondmg vessd
mnmediately after occlusion No single pulse pattern or set of ords
nate values exist  The obvious differences m the patterns 1n some
of the chromeally occluded coronary artertes as compared with
those m acutels occluded arteries are that the diistolic pressure
which normallv declines or remuns constant during the Intter part
of ditstole may mse and the summt which normalls oceurs hite m
systole cin come much ewhier or it m» remam normal  As a
result of these changes the peripheral pressure curse mav be
strikingly simalar to that of the centril coronary pressure curve (I
J) others more nearly resemble i mtriventricular pressure curve
(C, E) whle still others are similir m tumng and contour though
greater . magnitude to the curve obtuned memediitely after
coronary hgation (B I)  In an ocersional dog the myocardium 1s
mfarcted does not shorten during svstole and a peripheral pressurc
pulse 15 Just discermble (IT)  Of these pulses the mest usual pittern
15 thit which 15 verv simlir to the peripheral coromry pressure
pulse obtamed soon after vesse] occlusion  The ventriculir type
oceurs less frequently, while in only two (xperiments have coronany
pressure curies searcels distinguishable from the aortic been found
The collateral bed may consist of many small or Tirge super
ficral connections or it mu be mde up of small or [arge s17¢ vesse I~
which are deeph buried 1n the mroc wrdium  Injection studies
dicate that these anastomotie connections are mamh m the ¢
cardial region @ Since the peripheril coronary pressure rises and



CORON tRY CIRCULATION IV 11} tRT DISHASE 14,

fall, 1 am one expenment soth concordant changes 1 N m‘zmk}
fon «nd its cantour & lnuted to defintte pattermns examintion ‘\(
therm shauld revetl npart 1t least the souree and viae of emr o
tlood and pressure 1nto the oecuded coronary arten In t\\nMI’(““
wnents (Fig 65 F J) 1t & quite certaun thit mo v of the ponphery
pres ure hesd and therefore setragrade Blond flow comas from
antens rear the gorttc vahes for the ~vstohe ad din tohe vabaes of
the penpherat pul © approach the nortic pre- wa ~uuyit mneon s
tecordsd. ot of the rine cceurs after opumng of the trhe vahes
aud Fien 1 seiura 15 prevent of w other word the puapherit
coronary curse parallels i All respects the ortie 1t s thenfore
{omieal to assume thit the connections between this wtens or arturies
and the vascular bed of the occluded coromany are ol gl oo
<getim and superfority loevted m the myoc i Merudth s
was found fo bethe £a & for reentpencgrin of o of thewt whested
hearts (7} chawed 1 fuyk ves el connecting the neduded arten wath
the crreamflex

Th transion from the norm i pessphierad pul ¢ representotsne of
that artenn (Fip 48 D G) to one rexmbline the anshe orees 1
torgnany pressure pulse must mewm that fhe perpher) pad et ne
Joner 3 partial messure of the mircoranan rew et bt rther
tepre ents the hed of procure antening the apes from some artery
enner coronars of extrworonany Vaewedy S ht aamels
the perspheral coronars presairt b1 aow become 1 sentrid ane and
mee we have po reason to suppose that the pertpheril comnar
e tance has miatenath dianged from the pomer! Giopubh ped
esperimentsy w wonld be predited thar the pha e blood flon m e
nould be umifar fo that 1 the unobitrus tesd Jeft and nght caronanes
that 2 grerter volume flow 1 the left dupng diest i s Compves
to s tole nd m the mght 2 greater s tolic than dustohe flon
(Serlag % p 0%

OFf the remumng coromin pukes nome e umlve to 1 hnown
artentad pud ¢ {exeept for thewr Igh sustole wnd ditoli values)
?\n( & the source t hnosn to be largels some arten 104t mnstrated
n clamping the other coronanies the question an cs wh
W o ot o e e e Ml 1
twed oy the Daet that i mo t zhpmph" i comnare pul e an

e collaterat arehnted ture and o~
cuan are uckoas to dutort the rervy g2 phey
smaft uperficial connecnons or thy comat b of mams
et e of smff oy farge e bt
deephy buned wn e mocatdim iy cone i
cut by ingection tuges omeept b heen oy

o fus of

;3 W e
TOM W eXATINon of such pressure (usves found i ¢ bromcall
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oceluded coron wries, 1t 15 beheved that most of the flow through the
v 1seulir bed of the occluded coronary 1s at @ mummum during sy stole
for most of the rise of the peripheral pressure precedes the opening
of the rortic valves, and 15 1t 2 manmum during distole for the
dusstolic pressure after 1sometric relvation (when the capieity of
the v wseulir bed 15 presumabls constant) 1s either rising or falling
This view 15 subst mtiated by optrcal records of the phasie blood
flow mto the ocJuded coronry irters

Anutomiel consider itions suggest severl source posaibiltties for
the newly estibhshed collriteril circulation  Gross evidence of the
development of extensive ntercoronary rteral colliterals within
the heart s been shown roentgenogriphieally wath the mpection of
1 raidiopique medum 1% Apastomoses esist between the coro-
nry arternl tree ind extricoronry rtenes reching the heart along
the course of the grot vessels nd anatomic il pathw avs occur from
the cavities of the hert to the centrallh occluded segment by the
chinnds described by Weurn Bt Of these possibilities only one the
possible role that the mtcrcoron iy commumetions might plaw

“&j\\'\\'\‘ N N NN WAL W
AN AS /\J\./",\J\' L,f\f :

<
1
il

—— — ——
A [s] c D E
Tie 69 —Reproduction of cgments of a continuous record 1illu trating
the immedite effects of left eircumilex ocelusion on the peripheral coronin
pre sure w the ehronically oceluded rimus descendens anterior - A normal
cantrol with emcumflex hgation it X B <ame but 1% hewtbeats later €
arcumfles reler ¢ it R D and E tahen 30 and 60 sccond Iater  {Gregs
el al 9%

the collateral circulition hins been subjected to direct expenimental
mvestigition  The methed used to obtun this information consisted
m clampmg the other two coronary rteries cither separitely or
together while the peripher 1l pressure and flow were being recorded
in the coronary chromelly oceluded  The nnmediate nd stabiized
changes produced m diffcrent coroniry arteries re illustrated n
detul in figure 69 ind I'ible 12

T the curyes of figure 69 the ramus descendens had been iigited
for fifts duns  1he firt two heartheats in segment A rcpre'.,ent the
normal aortic pressure 113/80 mm Hg and the pressure 100/61 mm
Hg m the peripher1l end of the chromells oecluded descendens
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T et ~%THE P RETEOGRADE | RESGURE AND Bue ol was Caronseaty
OceLepen Conn RY ARTFEIES

P Cnt P L
Rdan [Ilea
Tenph Jerph  derCetim
ent
Artery Chrome 1 sronnry L orona
WipOedud 1 Adery Ac tlyOcd d 1 Sl fo hoed Fr}m,rl:: ay
H O+ s H rs Mo
Rt t 10 o6 1 ™
De rende slLeft oir umflex o 6
* R ght and et curumflex: @ 4950 3
Rt “ \.:u) [ L A 33
Laft weunflex Deseenden -
*Rght ar 1 desce don LR U
Descer dena w9 17 s
Right Curcumfles. "5 6y
Descendeus and ¢ cumfle LU 53 1

3 tecies quultar cou Iy or fu fed

"The notmal retrograde flon was callected from the cornmny vesud
m 3 bottle of surtable size to ond any symificant presamre dhnge
The bottle was connected by large rabbics thbing 1o o Irge spment
capsule which recorded opticalts  The contral retrogeide flow me -
uted 52 ce per mnute At X the left arcamflex was suddenh
orel ded and the peripheral pre ~ure decrer od m three heartheats
103623 mm Hy  After 1> heartheits (onh the 1wt beat chonn
here) the penpheral coropary pressure attuned v nes md final
«quilbnium of 41,14 mm Hy and the buk flow w 1410 per min
ute Ybout > heartbeats daver m segment ¢ 1he left anoamflet was
reler ed 2t R and the penpheral coromary pressure unmediitels 1o €
to 843 wm Hgwm € In L recorded sty seconds liter thy
peripheral pressure of 116 o0 mm g w8 back to the control Jivel
while the bach flow at this tme 3 53¢ munute While the role of
the nght coron s ns 2 collateral sonrce for the descendens w1s not
determmed in thr expertment its maxinm contnbuton together
woth it rem wneny, collaterals <ould not evceed 19 per cent

swmttar trends 1 pressure wed flon ocenr Wter dhrome aecusion
of the left cecumfler  After chronie secha on of the vight toromany
artery  the sudden Jdamping, of the descendens gues but 3 sen
small redurtion m penpherat pre sure and flos but crcumnflex, o
«luston restitts w large pressure snd flow reductions

The e figures how that shen 2 coronin arters becn chron
waliv owchuded and both of the ather MYor coronan ram) t
porwits clunped <eparvely and acutely the <um of the nuaw ‘fm
tion s not pproXimate 100 per cent  sundar } o m
multansous cho ure of the remaming corn ety follon w

nan rawt AR our data on
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this pomt are brefls summarized in Tble 12 In the right coranars
wtery chrontenally occluded essentsill all the retrageade flow comes
from the othcr coroniry arteries (most from the circumflen), v hule
m the descendens, only 02 per cent comes from the right (7 per cent)
ind arcamfles (33 per eent) and w the circumfley only b6 per cent
comes from the other coroniries (right 19 and descendens 47 per
ety This leave @ conaiderable residual flow m the left coronan
still to be wcounted for  Dlus portinn of the collateral flow could
arse from small coronrs artery branches centril to the pomt of
higation or clunpug of the coronars artertes, or 1t could hme n
true extrworonn origin - The source has not been determmed

IF wtracardiac sources of collateral blood supply are msufficient
evtricirdil anistomoses also become evident and szenble extri
cwdial commumentions cwn be demonstrited  Under the most
favorible conditions the myor portion of the coronary arters
sistem cin ipprrenthy be occluded with mnimal or po infarction w
those dogs thit sunine?

Ihe fretors which control the rite wnd extent of caronary artern)
collaternd de Jopment are not well hnown  The potentral mecha
nsms for collateral re ietions e the opentng, of pre-enisting, butnon
functionmg collaterals by an mercased differentin] pressure met1b
olites wnd nerve wction, or the formation of new collaterals Tmmeds
stely followiny, corontry occluston the differentinl pressure between
the 1 weul i bed of the occluded coronars wd non-oecaded coron i
wters sy grerter throughout the ¢ trdire evele and may aecount for
the openimg of collaterils Whether the subsequent further increase m
retrogride flow 1s through the sune coffaterals or through nesh
formed chinnels or whether the litter ever develap has neverbun
determmed

Although tn the normal heart, there 1 considertble vamtion m
the number and swze of connections betneen the coromars arteres
the cannecttag runels wre quite smadl (but ¢ xtend up to arteriolar
size) wd can be importint onhy s 1 putential source of blood  In
genernl the mere grwduil the rate of (xperimental occlusion of 2
coronars arters the smaller the mortaits rate and the grexter the
extent of colliterd development @3 ] ollown,, expernmental oc
cluston of 4 coronuy artery or rumus the iterarterial commumic
tions enlarge considerbly (up to W) times the dinmeter of those
the contral dogs) wd mererec gre ith 1w length s evidenced by
thesr «trhing tortuosits  These vessels do not acquire a arterral
cont but e sumilar to v dilated thin-walled artertole *** Srmubrly
1 the hearts of dderhy humans obstruction to the normal eoronar

wtenn flon by \rtertosclerosts feads to the development of nter
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coronn anastomoses of 40 to 200 microns m dumeter  Thar
presence 18 not relited to nge for these collaterals arc not present
1n the bearts of semtle pattents when httle o no arteriosclero 1313
present !

The behavior of the colliterils of the coronary arteries following
ceclusion contrasts with that of the femoral and carotid arteries
(See Table 11 for ordmate values and Tigure 70 for the peripheral

FFi n, 186 ' 183 { 195/ 7
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8 93
3% 37
—r"“',.,-
. < L o
e 7 0y a1y — e EE2Ne
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3 7
&3 87 ¢ v

Y YT

10 27
SR
EEIY‘ it E:EN 14 £174 2H

CAROTID ARTERY OCeLysion
Fia 70 —Records shaning des eloy
pment of
e g end v o e
periphe contral femora AR
carotyl pre sure. CCPeentral earat prev upe” %-fne"'(f;;ff Tonmbeat
em
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pulse pitterns) In the coronary artertes, 1s lready described, the
immediate evidence of functioming of the collaterals 1s small and the
development of retrogride pressure and flow and the reestablish
ment of sy stolic shortening of the myocardium ss very slow and may
take one to two months before its full development Howeser, al
though immediately after occlusion of a femornl arters the retro-
grade pressure and flow drop to low values and the pressure pulse
disappears, within one minute or less 1 peripheral pulse appears and
1t and the retrograde flow incrcase ripidly for one to two hours and
then rise more slowly for davs and weeks Tollowing carotid artery
ligation, the peripheral pulsation does not cease and the retrograde
flow and pressure are considerible, start to increise 1n 1 matter of
seconds and reach large values vers quichly  Thest esperiments
throw new hght on the coronary arters collaterals and emphasize
the mmportance of the time element Lhev show why, despite the
wpparent safeguards to the blood supph of the myocardum, the
occluston of a coronary artery mav more often than not lead to an
infaret and devth  The relativels long time necessary for the estab
hshment of maximum functioning of the coronary collaterals mas
be regrded as an mdication of the optimum length of rest necessars
for patients with coronary occlusion

It 15 of mnterest to exumnine the possible role of the Thebestan and
luminal vessels m hearts i which either the coronirs arternl or
cirdiac venous system 1s msufficient It 1s concen ble that the
luminal vessels could be important, particularly 1if they could serve
as arterial channels from the left 1 entricle to the myocardum during
left coronary irtery occlusion or as venous channels for the whole
myocardium m the presence of extensie superficral vem occlusion
Known obsertations e conflicting 2nd any concluston 1> difficult
Regarding the first situation with temporary functional separtion
of one or all coronary arteries from the aorta no blood flow from the
ventricles into the coronary arteries or superficial venous system
could be demonstrited and the hearts did not sursne ¥ Es
sentially complete occlusion of the coroniry arterres in humans has
heen found at 2utopss # but the presence and extent of development
of extricardial artemal collaterals not mdicated  When dve
15 mjected mto the nght ventricle n acute expertments estensive
capilary mjection oceurs if night ventrieular pressure 1s artrfienalis
made to eceed left ventricular pressure  However the anteror
cardiac vemns were not excluded s 2 vaseular portal of entry for the
Regarding the second situation with acute closure of all
1sible antenor cardac veins or the coronary smus 2 consid-
ht and left coronary inflow (espectlly the

dre?®
grossly v
erible reduction in ng
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woht) w38 ob enved by the author \arte recentiv, Stupley s
demon tratedt that the coromnrs wflon and Aortic pressure i <ome
bearts mxt be greathy reduced by s o ure ™ \lthough the
heast following, acute o ure of both lie coronart s nd ante
e evrdue Ve becomes excredingh temorrhagxc and tends 0
hecorne Progressiy a weoher such Bearts may e U taatlent
tno bours  Dogs 1 stuch both superfic 1l renous svatem> e
pren chronicath oecluded 1n 4 poostnge operation bt suni o
for a penod of months  The Jatter ¥ suggestne €4 Wdente that N

F1o 73 —Dravnngs of the antenor (A} and pos

terior
Teart folfow my, chrt me Yatwn §the anterior gx]rdn e wff? (‘;o::“nnu Q d
<oropary thu (2 meoth T hewingtheextrac srdiae superfi tal \enqu‘a :l?::“
nel e, (et ity pont morters through an etracardiae "
! 5 gelabin ¥ 1ams Blue m dure  Nate myection of the superficial e
b g B Y of the extracarda sems (Cresel ot eret e

sof a dog

Lenpbs ATaNrige TUW oTelr W wav of lummal vewels I
that st drasnage wecurserd through such a rout: aveter
bx senfied vince at post mortem c@mmation thene hé cathl not
Tted MRNCTOUS uperficial cardiac vens of mmxdcrﬁ!uﬂ% bl
were mot previen b evd ut wd seseral large e e which
enous anastomoses the sggregate crass=ection "‘;"l;n\m el
well have been adequate Tor the senous dram; ot which might
hewtt (kg 71y Untd suh mten and mm:‘f “" the entire
enous colaterils whch appetr with coronary ::;(:r\'\'{“"‘ 3 and
er venous

gtion bave been successtully removed or otherwt e excluded
ded 4
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flow channels, 1st itement as to the utihz ition of Thebesian channels
n diseased hearts 1s not warranted

Brief mention should be made of wn hy pothests of reflex coronan
vasoconstriction which has been advanced as an eplanation of
sudden ¢ rdiac death from coronary occlusion  The sudden death
of  patient with mfarction of the myocardim 15 due to reflen
coronary vasoconstriction whose stimulus 15 the wfarct whose of
ferent path 1s the cardiosensorsy mnery 1tion and whose efferent path s
thes ygus The result of thisreflexs asoconstrictionm asusceptible per
son 1s fatal ventricular fibrillation »’#3 If true, then the assocrited
% 4s0spast must produce wnd muntam ischemia in the presence of one
of the most powerful dilators hnown, anows  In support of the
view, 1t 1s advanced that the mortahity from hgatwon of a coronam
artery 15 greater in unanesthetized dogs as compared to anesthetized
dogs 1% bilateral stellate removal improves survival rites greatls m
unanesthetized dogs ¥ and varous drugs, atropme pipawenne
xanthines and wmmnophillin decrense the mortality rite %1031
While drug action and cardine nerve section may enhance survival
this does not prove that the mechanism of action 15 the rele e of an
associated coronary v 1s0spasm which has reduced coronary mnflow
n other non occluded cotonar arteries  Such a view 1s predicated
on the neeessary experimental proof that cardie nerve strmulation
can lead to ventricular fibnllition and that coronary nflow directhy
measured m the non occluded coronary arterv decrewses after oc
cluston of 2 coromiry artery or ramus  ctualls 1 anesthetized
dogs the coronary flow 1s generally found to ncreise in the non
occluded coronary artery or rimus 45 14

To inercse the naturil compensatory colhateril eirculation sub
sequent to narrowing or occlusion of 1 coromary irters various
surgteal and medie ] me s have been tried i experimental anmmls

Surgical Treatment —\[anv dogs do not surstve brupt or grid
ual experimental coronars occlusion  In addition to gross coronin
insufficiency 1t has been suggested that the ultim e cause of death
generally ventricular fibnlhition mav stem from sill zones of
myvocardial anowa which e ghly irntable and this 15 not nee
essanils related to 4 fuling hetrt or to gross coronar flow mdequies
This 15 11 heeping with the findings of Harrs ind Rojas that the
ectopic impulses leading to ventriculir fibrllation generally arise
from the partialls 1schemic zone bordermg on the infarcted wea %
Accordingly surgieal remos i of these dinger zones has been tried
In addition 1f small amounts of blood 111 colliterals could be made
to enter these zones at the edge of an occlusion 1t might present
yentricular fibrillntion 1nd eluninite <car tissue formtion through
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muscle preseriation  Accotdinghy  attempts hae becn made to
b idize surgealiy the natury compen tors abality of erdiae
tissue to deselop coltaterals

Reparding the first po wbilits  exermion of potentinihy nfascted
arex some time after closure of the cornars arters freding the
atea ha lowered considerabls the expenimental wortality from
eoromary oecluson

pphication of vanous tisue grifts fis been used to promot
extracirdial commumeations epeandiil ar pene wedul snfimmation
hasbeen produced to foster mtercoronan and extracoronan commu
meations through mechamen or ¢hemeal wrntation® Fhe towes
appled to the miouardium include pencirdinm  pencrdind fat
sheletal muscle from the chest wall omentum and lang  The
foreion rrntants used to mduce adhesions within the heart and sath
sustotinding structures nclude tleuronat asbeste tale Dakns
<olution pondered bone and the apphieation of s dental hurr - When
these substances and procedures were used experimentalls hefor
or durmg partial eccdusion of @ coransry arters oF ML T
Tes taseufir commustications could be demonstrated with dve or
Tadiopique matenial imjectson

Optrion bised upon physiologieal experiments 1+ disaded 1 to
the functional role plived by such channels*® The @ e of the
colateral bed 10 cleared herts 1 enhnced the 1ze of infarcts 15
i general reduced nd there 1s 1 conmderable reduction i mort ity
sith ull of thesc provedures In the background 15 the preence of
naturaily developmg collateral whych altheugh not ddsavs ade
quate make nterpretition difheult  While theee results are en
couragry, espectith the survis al figures 1t does not necessarth
fullow that the better sursival rate stems {rom an nereased Ylaod
flon to potentially wfarcted arews for no crueal es wlence has ever
been dvanced that ths 15 the <ase  In most mstances of Coropany
occlu 1om death results from early ventncular fbedlation It comld
well be that the better survivals arise from the meret o) fibnft ttioh
threshold which many of these procedures my,
tdls mduce ¥ \s A result time s gameq f
devdlopment of added collaterals \\hxg:-h 2:“ Ozu,?;ﬂ‘p&ttﬂ;::“:
::.E{:;:(:fkﬂw mechamsm the fact temuns that the procedures

1 u;‘mnnt of the (omn:r\ 100 or coronary 3 ey
a4 me s of mereasing the b
by artend txd\lsmi mu “}ﬁ :‘i“:z}:t :“ e ered cbemie
COTONES NI WCTeses greathy the pre :ﬁ(:?:‘e;l}:z ‘lc‘g““ﬂ‘l\ of the
ventnide Tmits left coronury 1nflow, midh or s of the Jeft

sametimes congig

ght possibls expertmen

ns has been tried ag
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flow channels, a statement as to the utilization of T hebesin chunels
m diseased hearts 15 not warranted

Brief mention should be m 1de of nn hy pothesis of reflex coron i
vasoconstriction which has been advanced s an explanation of
sudden eardiae deth from coronary occlusion  “ The sudden deith
of o patient with mfawrction of the myocardum 15 due to refley
coronry vsoconstriction whose stimulus 15 the mfiret, whose af-
ferent path s the eardiosensory mnersy ation ind whoseefterent pathis
thevagus The result of thisreflex v asoconstrietion inasusceptible per
son 15 fatal yentricular fibnllation ’ # If true, then the associnted
1 1s0sp 1sm must produee and mantam ischemia in the presence of one
of the most powerful dilators hnown, wowt In support of the
1iew, 1t 15 advanced that the mortality from ligation of « coronary
artery 1s greter n unanesthetized dogs 1s compared to anesthetized
dogs 1 bilatera! stellnte remov 1l improves survival rates greath n
un tnesthetized dogs 17 and various drugs atropime, prpatennc
santhines  ind umnophyllin decrease the mortalits rate 910818
Vhile drug action ind cirdine nerse section may enhance survinl
this does not prov ¢ that the mechamsm of action 15 the releise of an
associated coronary \asospasm which has reduced coronary mflow
n other non occluded coronary arterics  Such a view 1~ predicited
on the necessary experiment il proof that eardiae nerve stimulation
cn lead to ventricular fibmllation and that coronary mflow directh
measured 1 the non occluded coronars rtery decreases 1fter oc
clusion of 1 coronary irters or ramus  Actually, m anesthetized
dogs, the coronary flow 15 generalls found to mercise m the non
oceluded coronars rtery or rumus 43t

To mcrewse the mituril compensttors colliterl errculition sub
sequent to mirrowing or occlusion of « coronary artery 1 rious
surgic il and medie i me s e been tried in expenimental animals

Surgical Treatment —\any dogs do not survive thrupt or grd
unl experimental coronary occlusion  In addition to gross coronary
msufficiency 1t has been suggested that the ultimate cause of death
generilly ventricular fibrillation mu stem from small zones of
myocirdil anort which wre highlv irmtable and this 15 not nee
essanls relited to « fuling heart or to gross coronary flow adequiey
This 1» m heeping with the findings of I1arrns ind Rojrs that the
ectopic mpulses lewdmg to ventriculr fibnllhtion generally ane
from the pirtnlls 1ehemie zone bordering on the infarcted area
Accordmgly, surgienl remon of of these danger zones has been tried
In addition, 1f small amounts of blood vin collaterals could be made
to enter these zones 1t the edge of 1 occdusion 1t might prevent
yentricular fibrillation and climmnate scar tissuc formation through
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o retrogride autoperfusion of the coronars sinus nith the pe-
npherd end of the left coronars artens openor ased taled to ard
rento ing the nortic bload pressure wd normal cardiodvn imies

Although m acute experiments retrogrude perfusion of the core-
nar swus 1 the presence of an oceluded kit coronary rimus s
not been demonstrated to be buneficnl to the left hewrt the pow
bilitt rem s that chironise application of this procedure might e
posttive benefit Bech et al7 hive reported that i chrome dogs v
}stage operition con ssting of coronars smus higation graftmg of a
stemic arters of new branch formed from the aorts into the cor
ooany sinos followed by ligation of 1 coron iy runne has resulted
n zere mortaltts and minimal infaretion 38 afreads i ated re-
duction m mortalits daes not necessanty signifs an wnproved coro-
mn arculaton To establ h the latter 1t would be necessary ta
show that blaad entening the coronars sinws had actunlts traverwd
the eapiliany bed of the left heart  Although thes w diffieult to do «x
penmentalh directh st might be estabh hed by cnnubting 1he
antenor cardine veins and “howing that mo t of the bluod nterng
the coromars s $d not Jewse by wav of the A € vans

These oper tions including, the apphie 1tion of forcign ieritants wdd
grafts tothe heart coronam s hgaton mad pratting of 18y stemy
artery to the coronary sinus bave been tried surgicalls on humns
sith rotonars arters disewe However the mole of surgers i the
rehief of coron i wsufficiency 1 didficult to evalpate although the
operative ortahity tate s velatnely high sumptom it rehef {de-

crewsed pain) wnd werersed expacity for work often follow thewe
procedurey TR W

HYPERTROPHY

I man cardia Bhpertrophy s generatiy awornated with som
pathogical state such as hvpertensian gortic or pulmonars art s
dusease or v mav be evident i Yont, time reswdents at hugh sl ‘?lr\
who display no awsouated cinieal or Recrapsy evidence of udes
va cular diseast “ Tt beheved by some that h\mnrcn Oh oo
i~ a favorible compensitory mechanium which hower el" I‘( per ge
heart to cope wuth danims stuations Howeser thes ables the
cqerimental cudened to indicate thyt 5 heavs hy Te 15 no good
performmce than v smaller heart eart gies a better
Hypertrophy his heen success |
expenmental pracedure has not }:‘:i:, g::::;i:‘;l:‘e‘dnmmuls but the
In the ribbit or rat thes state 15 ol wduced o well defined
were e m heart weightfhody neight and mu::z]m f1:}1:3;.0(;-{) by an
€ fihur duameter
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eriblv and greatly meretses retrograde flow distal to 4 coronary
wtery hgature 7 Tlowever the abiity of the mocardium distal
to the lLigature to contract 1s not muntuned wd the retrograde
blood, 10 contrist to the small collateral flow normallv present, 1
verv dark contaning onlv 3 volumes per eent oxvgen  Thus 1t
was concluded that neute occluston of the major portion of the left
hert’s s enous dramage does not ud the coronars cireulation

The high values for venous pressure n the coronary sinus and
the qugmentation of pernipheral coronary artery pressure and retro~
gride flow which appear m the left coronry artery immediately
nfter left carding venous ligation, decrease after 1 time mterval (up
to thirty davs) to values but shghthy greater than normal ¥ Such
chronie venous ligation does not muntaun shortening in the left
myocardiim 1if now 4 major coronry rimus 1 acutely hgated If,
after chromic coronary sinus ligition, 1 brinch of the left coronar
artery 15 chromealls hgated, the coronirs dynamies are dentical
with those follow ing coronary artery occlusion alone i e, the retro
grade flow 15 artenal the retrogride flow and pressures are large
and the wyocardil arey contracts  Although with this procedurc
there 15 & marhed reduction in mortality and 2 shght reduction m
the size of the infiret occurs ¢ 5 no evidence has been obtuned that
chronie eardrae venous occlusion 1s of positive benefit to the fune
tioning of collaterals

Attempts to improve the coronary ecirculation by retrogride
perfusion of the coronars sinus m dogs with 4 ligated coronary rtery
have not been too successful In acute expermments m which arte-
nal blood had been brought to the myocirdium of the dog by 2
glws cannule connecting the coronary smus with 2 convenient sys-
temic arters dogs survived up to twenty-six hours after ligition of 1
coronary rtery ¥ The attempt was 1lso made m an 1cute prep-
aration to mamt un or to restore svstolic shortenmg i n left mvo
cardnl aren whose coronary arters was oceluded by perfusing the
coromry sinus m retrogride fishion with arteral blood  Although
blood could be observed cntering the superficial venous systems of
both ventricles there was no evidence of svstolie shortening in the
potentially mfarcted myoeardium ¢ Visual mspeetion showed the
anterior crdiac veins over the right ventricle to be greatdy distende d
and, although no measurements were made 1t was felt thit most of
the infused blood was druning by these channels which have bewn
demonstrated to be so mtimately connected with the venous drun
age s\stem of the left ventnicle #* Sumlbawrly Shipley et al 1% m acute
experiments with the coronary smus connected to a conventent
artery, demonstrated that following stoppage of normal left coronary
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heast ‘The capillan concentration however shows a defimte
deerea ¢ which 15 catacd by the enlarzement of the musele fbers
4 the fibers enfarge the capillane~ are pu bed further apart and
the capillany concentration decrenses in dircet proportion to the
smcrense 1 the duumeter of the muscle fiber and heart seight The
capsilary concentration 1 the-e hearts s eramng 2483 per squre
miltimeter 1 apprectibls Jower thin that for the hearts of wosmnl
adults or children #¢ Cardiae hypertraphs mduced m ribbits
aortic vabs ulotomy showns simdar ehages ta the rdtion of grow th of
fibers capillary concentration and the rlation of Sher-capilliny
ratio #* Hvpertrophy then differsfsom normal grow thin that tn the
latter the capilianes multiphy and heep pace with the muscle s 3t
grows while m hvpertrophy the eapiffaries do not multiph and per
unit of muscle, actwlhy deerease This 1 i hine with the expen
mental observations (1) that human hearts perfu ed post mortem
with kero ene under standardized conditions gave maumal flus
1afties of 50 to 40 per eunt less per grim of heart i hvpertropined
hearts (300 to 6X) grums) than i non ha pertrophied hearts of the
same age range * {2} m panent With essential hvpeetenaon the
ougen usige coromars Op AV difference anad coronars flow per
100 grams of teft ventricle per minute were not merea ed 45 com
pared to those 1 lues obtamed W normal subjects ® Staee pre
sumabh left sentmentar hypertrophn exasted m thes patients the
ob ers ations suggest that the ressstance m the left coronars bed 18
wnereased 1 the presence of essentiad hypertension However unt
further evaluation 15 made of the mtrous avde flow method o od
wterpretation must be reserved

The chemic 3l changes 1 the heart i this condition are essintialhy
wnhnown  Shsfts i the elcctrolste patern are presumed 1o he o
sensitive ndi ator of tisue change  Tn the sabbnt the mtry and
extruellular electrohvte and fluid concentrations have 4 normal
redwnorsiup i the by pertropied heart followng aoetie v 1l nlotoms
although mtilly 3 transient estracellular edema occars ® In wman
no -:;uhf e 1w m\ab\: uncomphicated by dh erce although 1t 15

tated tliat cre e vabues imere; e
re ye m extreme hyperfmphs 19 n early bpertroph and de

St all exents the dhanges occurnng in hvpertraphy 1n
distmces throub which oxvgen carbor dionide and oth Lre 1ve the
of metabodt mmust travel  Whethey thas 1o compen :f: r])r;)dmlx
w mere wt w volume Sow of Klood Ter untt of hex\]n sated for by
further reduction i the percentage saturation of the o muscle by 1
blood or by an increase in the moglobm cont OFAM AN \ enenny
Cirdinn e to be devermned at of the myo-
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In the rabbit, aortic valsulotomy,$ hy pertension from removal of
bufler nerves * carotidgugular anastomosss,® ind cholesterol feed
my, with marked sclerosts of the coronary rteries ® are all effectnr e
while i the rit mduction of renal I pertension,® experimentil
rentl msufficiency by partial nephrectomt,® increased ctivity of
the heart by thyroid feeding or exercise, %5 administr ition of DCA,
¢l result m conwderible hyvpertrophn However cholesterol
fecding with or without thwouractl, so effective m the dog, does not
mduce erther sclerotic changes 10 the coronary irtenies or hc vy
hearts o the rat *

In the dog, v purtrophn s not so el produced and ats degree
15 mild as compared with that m the rit and bbbt Intriewdne
fistul1 7 pulmonar twtery coustriction tm the pup but not m the
idult dog 8531 Jexd to right ventricular hypertrophy, while the
combination of trendmudl exercise with wmtravenous myection of
Iscopodin spores and vamlla bemn seeds gives 2 questionble hivper
trophy $ Teft ventriculur hvpertrophy w pups, but nat w adult
dogs follons aortic stenosts or meufficrency 37 % 8837 mtreardiac
fistulae, but does not oceur after arteriovepous fistule® 1\l
though the combied feeding of thiouriail and cholesterol eruses
Firge and diffuse coronars arters lesions with @ marked decreise i
trteria fumen no esidence of by pertrophy ¥ found ©*

Fhe vared success m the dog 1s difficult to eviluite since the
cardiae work metaboltsm and coronary blood flow upon the rcli-
tionshp of which hvpertrophs 1 presumed to depend were not
known m these evperuments  \ctualh  the heart waght/bods
woght ritio m the smaller antmaly 15 well s those roiched m
chnetd heart disease e still less than the normal ritio m the dog ®
This suggests the possibilits that the expertmental difficults ma
anise from the fict thit the dog heirt s lreads myamalls hyper-
trophted

smee significint crwdine hypertrophy has not been created or
studted 1 a suitable experimental il nor studied m mn m
siturtions uncomphcated by dietse sts (ffcct on eirdioy incular
dypamics wd the coronam esrculition s not hnown awd no
definitne statement ¢t be made  Yowever, wmitomeeal studies
mdicate that such hewts mnv be under 1+ consuderible cireulttory
handicyp  In et e of hypertrophy wsoctated s ath by portension
rheumatic fever and arteriosclerosts of the coronrs artertes with
death from hewt fulure the werge muscle fiber drametcr ringes
from 1> . to 205 ¢ with a mem of 20 4 1+ compred to v men of
14 g for normal heart fibers  The average numbcr of muscle fibers
supphed by qcipillary 13124 oresseatnlly the same as 10 a norm i
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sustemie blood prewsnrt venous pressure cardine work or metabs
of 51 1= ot of stetff a meisore of the vbahity of 2 beart to do wiwh
{or thewe niff vary with the metbolie needs ind the stres e340whieh
the heart wexposed  Honever combinations of absers ations wineh
eelate the r ponsc of a hieart to 1ts load we helplal

Normalls the extraction of oxipen from the sistemte artenal
blyed approvimates 4 to 6 \alumes per cent  Provided that the
oxvgen uste and blood solume are withn the norl rage o
considesble dreres e 1 thi, rteniovenous dufference mdw wtes a
veduced state of nutntion of the penpheral tistes nnd supgests
teart 1astare

The demonstrations that the rele wee of energy for & piven heart
e or foad @ and that the fewtion of refeased enesgy that 1 uta)
ved by the bc uet 14 both decrease i beart fashure hiye been con
sufered a5 fundemental mechamsmms 1 heart fafture Ylonever
studhes do not mdicate that the amaunt of vty aviible enesgy 1
26 31 deerra e uch hetrts and the e« that \ grosa dichne in
efficiency of a heart 1 v nonymous wth & reduced cardiac capieis

for work ar heart fatyre require: expertmentat 1 sitdation
A proget mwastiee of the normaley of 4 heart s the state af contr o
tility of its venteicles and

considerable change m this 1 suggestine
evdence of heart Tufure  Nowerer trig Iation mto measuratde

lerel ot Cudiac output The g o

Comder bl auruteey the d\\%\u\uc;‘xx:“)i::Z’hbi:hhmhl with
werately ddevernined expenmeppaty at kot b ‘.!\: Rever been
wantrieles togecher hus been e, ated By u~: ot siz¢ of both
cwrdwmeer I ddition Setermman g of dhastolie R; T oor g
foth vevtricdes v isass rompl, Hed § ic §her length of
the purtion of the distihie e g,
from thit due 0 the e a1}
oarhy i uch prepirat sng v

which rppenps
it

Lo embh ¢ atian 13
3 tpect 11t pormally the effecgyye atrd
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HEART FAILURE

Heart failure mdieates that the activits of a heart 15 not adequate
to suppls the peripheral tissues with their needs  Studies on acute
heart fulure are considerable, but the information gamed 10 not too
revealing 1s to the mechanisms involved or as to the means of deter
mining the tume of onset The general process has been studied as
the hearts naturally ful, by the production of localized or generalized
coron wry msufficency, by loc il or generalized myvocardial depression
wd damage  As most acute experiments progress in the open or
cloved-chest prepiration or n the heart lung preparation, the heart
seneralls becomes large and flabby and death from heart fulure 15
generilly the charictersstic and ultimite finding  With time
the heirt-lung preparation 1if the work 15 hept constant, the metib-
olism 1ncreises or decreases, the effictency decreases or shows no
change atrial pressure increases, while for 1n equivalent work the
heart size 15 incresed ©t In the hert-lung prep iration or with the
heart in sty generhized coronary nsufficrency induced by pitressin
L9015 qJummum,® or starch granules  which decrease coronars
mflow or generalized myocarditl depression and dunage mduced
through chloril hvdrate chloroform potissium chloride 3 57 gen
erally lead to an increse n heart size wgment xtion of left nd right
atrial pressure arteriosenous oxigen difference and 1 decreise m

wortic blood pressure cardrac output work and efficiency At times
there may be hepitic and pulmonary congestion  ollow g local
1zed myvocardial damage from ciutery of the ventricle® or local
coronary msufficiency through occluston of 1 coromwry rimus 5t
significant alterations m cirdite output heart size efficiency and
atral presoure are generally not obeerved although the latter may
be elesated 1f prior to coronary occluston perpheral muscular
¢xerese 15 induced or the blood volume ndjor venous return are
wgmented By mntr v enous admmistration to dogs of large s olumes
of blood or albumm solution cardiiwc output has been found to
plateau n the presence of progressively rroing me in systemic senous
pressure % By combining hypersolemr with my ocardil weahness
(quimdine mjection) 1 cat hearts beating i st dwassocrition
between mght and left heart fulure has been produced Ao these
hearts recover the mght heart shows fulure s evidenced by an

n mght wricular pressure ind nght dilation while the

1€
ncre ™

{eft auricul it pressuse deereases wnd the left ventricle 1> not dilate
Which if 1y of these recordable changes 1s o relible and erhy
indicator of failure or weahness of the myocardium remars to be

determned Tahen separately the actual level of eardiac output
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upphang, ach ventnele with blomd 35 4 funs tion of its dynume or
7 n0 volume-elwstie (V B curve and the degree of folness of the
sstem Dviarmi sermty Bcarves mthe expo ed doy, heart heatmg
in st indiate that the svstem supphang the et veptrich 1 cather
such <mabher than the mght or 1> fevs diten dle for the pre suse
e W it 3 greater than m the right ventrile for the same mfiow
(g 73 Inether case the atnal venous «stems and espeerih
the mught, are ~o highlh dustensible that a conwderable yolume of
8% id cant be put into or removed from them sithout eaunng a ruad
able change 1 mean atny pressure ™% To correetly mdicate the
pre-ence or abuence of cuch o change the pressure 1 the atnum 13

point U (Fig 72) must be recorded 11 an adequate phasie preson,
recorder
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pressure will vary with the degree of ventrcular filling and that the
stroke volume or cardie output will varv only with the degree of
ventrieular fillmg  Smee dinstolie ventrieular size 15 difficult to
determmne, cyvidence of the state of contractilty of the mocardium
might be deduced from « change m the relstion of ¢ffective atral
pressure to the svstolie discharge per beat Wath time, m the he art
lung preparition an mereise m this rel wionship 15 1 charactenstic
finding and, as such heirts become wetk, this rel tronship tends to
follow tht of ditstolie size to crdine output  Howeser quunti-
tation and evaluation of this relationship 1s difhieult when the heart
15 tn sttu and m 3 more nexrls normal dvnume environment  In
such a situition, 1t has not vet been demonstrated that cardie
output ts 2 primary function of effective atrinl pressure, and thit 4
change m this relationship ¢ w be used as an index of 4 falhing hert
A change m stroke volume could be produced either by altering the
degree of diastohe filling, or by v arving the amount of residul blood
left m the ventricle at the end of sistole or by 1 combmation of

Left Atral

Fress ”

]
"

Fi6 72 —<imultancou Iy recorded left and nght atnal pre< ures m the
open-chest dog Vertical mtercepts at A C F beginning of atrial sy stole
on et of ventricular mometrnie contriction perind elo ure of aortic and pul
monary valves respeetinely  (Opdyhe ef al %)
these two factors  Although no good evidence evists to mdieate the
operition of the Ittter its presence would obscurc amv consnstent
relitionship betwean effectine atmal pressure and eardiie output
The pomt on the effective atril pressure curve of most significance
1 filling the ventricles 1s that just before the begmmng of yentnicuhir
filling, tt which time the atrmum and wsocrted vans are cdlosed from
the ventricular Cxatres (Fig 72)  Prosumably this pomt s that of
maxumal atrial venous volume and of mmmil yolume of blood
contuned in theventricles  The pressurc i the atrial venous system
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coronars A\ ovsgen difference and the coronar ﬂm;‘ :\“\“ \:\'F{\:‘
wage per 100 grims of left ventricle per minnte Were ik DRI <A
v mereased ot er normal values
Afthough the ultimate effects of anouit on cordine tissue wE
obvowdh dnorgamzation and death, the steps by which th fin 4
duanent stion 15 effected hate not been ext bl hed Tl ated stucies
have been reported concerning wonted biochome t ehwges o
expenimental roronars secdusion or gurertived moe wdud oxygen
deficenen of short duration wn the potentiatiy yafareted arc s gluen o
15 il donlt absorbed bt creduse ghyeogen decren en € Muscle
toctie aced ncrewes vith an scoctated inerer e m pil and the
farmser 5 10w, reled ed mto the coronary venous blond rather than
absorbed M55 &n extricellular edema apparenth dexelops without
significant change withm the fibers them eves 1% {Seey hownrer
expeniments of Vaore et ol % which wihcite that potasstum i
relessed 1nto the coronan vesows bload presumibly 1 cquiliheran
with the potentialls infarcted myoc urdim)
Finalhy on the basiz of the conwderation m Chapters 1 6 und
7 of the determmants of coronany flow  cardine work and the
mechamsm of drog artion ore crn spectlite s to the Teguinte
actions of 1 drug to be of greatest n e ip heart deen e Wone t
dealing v 1th congesttve heart futare arming from npertonsnn and
rahatar dt ease 1 olving increased cardin work the drug of chosee
Showld be one that wmezesses the vigor of candme tontracton amt
cresses coronan nflon By decreasing the resist tite tv cormarn
fis Fadure < ccous shen there 1 a decresce tn total e
refed @ m cavdre contrution at 4 guen filer length Gonergs falure)
or the fraction of total energy output put to ward cin decreac
(£fhiaency falured I these mechanisms hold then drug shoul t
hold 1 farorable balance betw eens inereased vigor of contriction and
toreminy flow 50 13 to mere v L efficiencs However methods and
“tudies of huast fadure with the heart in situ have not dvanced
uflicsenth far to wamrnt even pecwdation 15 to the drug of choe
1§ ont 1 dealing with a caronary msuffctenes arssing, either fiom 1
i s e e e of o
mfarct by n):‘ux;c,‘ :l( e lrun devrcases dhe wze of the potents
P Irs o extracushar tol erils decre wes
the tendency for Slallation 1nd incresses comm iy il
thewe dewned tharaet, il OF
0 eristics only pain b been tested mman 3 or
he remainder recout<e of s soesnts fiag b
Viewed i this hight the expe nmen;‘a‘wt(i1 u‘;:. ::E"!“"‘:\?‘:h\{qmm:;};
action of anv partiey: ¢ {worable
o atton ‘nm"“\e:‘\‘;;f di‘;i‘l’x :;n‘. mapres e nd the mehamem
eady ndicated earbier s this ch pter
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If, then, the state of contractility of the myocardium as mesured
by atral pressure and eardiac output or work 1s to be used as an
index of heart farlure, 1t must be done with the realization of the
possibility of v artions in completeness of empty ing of the s entricle,
of active changes 1n relaxation of the entricles, of acti e vanations
i distensibilitv of the atriovenous bed, each of which alone would
alter the relationship of atrn! pressure to cirdie output and for
the detection of which no valid expertmental method evists

In humans, heart failure 15 generally chronte, and w addition to
the clinnges in efficiency, atrial pressure, and the ratio of heart size
to cardiac output and atnal pressure there occur an mcrense m blood
volume, peripheral edemn, pulmonary congestion preferentinl re
duction n renal blood flow with sodium and electroly te and water
retentjon 2 4 #1111 Comparable studies are not avadable
which the clinical picture of heart fulure kas been experimentalls
produced [he most pressing problem m experimental cardioyas-
cular research 1s to create such 1 preparation

Although eritienl expenimental evidence 1s lnching 1t 1s reasonable
to suppose that fulure of the coronary arculation 15 generally re-
sponsible for most heart fulure It will be admitted by 2l that the
first prerequisite of a normallv functioming heart 15 an adequate
flow of blood through 1ts coronars svstem The ability of 4 heart
to increase 1its blood flon under conditions of stress must depend
ultimatels on the coronary system  As long s this system can
supply an adequate amount of nutrients oxvgen electrolvte fluds
hormones and enzy mes, and ean remove the products of metabohsm
so as to mamntain the sfatus quo the heart will continue to function
normally although at times not to the best advantage but when
this system 1s inadequate the heart will undergo a downhill course
and fulure 1s mevitable  Such inadequacy 1ccounts for the great
bulk of cardiac fulure In this group of coronary nadequacies we
mav put hearts fauling with valvular lesions hpertension hvper
trophy, coronary constriction and occlusion or all hearts i which
there 1s not primanls a diffuse my ocardinl damage arsing from such
entities 1s theumatic fever and diphthern  This tvpe of fulure
mamfests itself mn 1ts Iate stages s so-called congestive heart fulure
or 2 hypodynamie heart or 1t mayv appear abruptls 2 fibrilation
without undergomng 2 recogmzable preliminary stage of congestise
heart fatlure

YWhat the fundimental changes i the coronary circulation are

and what they mav induce m the myocardium n congestive heart
falure are only beginning to be studied m man with the mtrous
owde method  In five patients with congestive heart fulure the
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the effect of uminophyllne on the size of an expertmental myocardnl
mfaret s cquivoca), while theophlime wd pipuerme reduce it
moderatels 1 he mortlits followmg 1cute coronry ocelusion i
consctous dogs 15 decreased by atropime and the \wnthines # papay

erime 199 diy droergot xmine,!® anesthesty nd section of the stellate
gangha 917 Fymnlly, m the anesthetized dog with  hpated coro
nary artery, varous drugs (mitntes, thenph\lllne preparations,
adenylic 1eid  epmephrine changes in concentrition of oxvuen
and earbon diovide 1 the blood do not merese the colliteral coro
nary blood flow directly measured when the perfusion pressire
m the non occluded coron v arteries 15 kept constant 19 Al thew
drugs m1y ict by reducing the degree of vasoconstriction of the
un ffected coron ey vesscls, thus reducing the possibilits of fib

rillition wd permitting the collater1l bed to develop It should
be emphasized that such chinges i infarets were obtuned i prep
arations without sclerosts of the coronary bed and with massinc
doses of the drug  The possibilits might be remote thit compar
able changes would occur 1 diseased coronary bed
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