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SUM'vIARY 

Ischemia of the inner layers of the myocardium during eardio­

pulmonary bypass (CPB) is a major cause of mortality during and fol lowing 

surgery for acquired heart dlsease (18, 36, 41, 58, 7/). Myocardial 

hypertrophy and ventricular fibril lation a~e present in most cl inical 

Gases and have been shown experimentalty to be important contributing 

factors. Other factor~ have recently received attentIon (1, 14). These 

include iasions of the heart- in whlch oxygen consumpt/ion of the myocardium 

is Increased, e.g., aortlc stenosls. especial Iy aft~r prala~ged CPB (18), 

Ischemie arr~t of the heart durlng CPS (/5), unba/aneed coronary artery 

perfusion (58), increased tissue pressure from surface to deeper areas of 

the myoeardium (5, 6, 7, 8; 9), and deeraased oxygen'tension from eplcardium 

to endocard i um UO), w j th a concurrent decrease l'n b lood fi ow ta the 

deeper areas (1, / /, 37). 

An in~reasing amount of evldence has shown that pulsatl~e 

pe~fuslon durlnq CPS is superior to no~-pulsati/e perfusion (53, 

76), We hypotheslzed that the de/eterlous effeet of véntrieular 

might be eounteracted by uslng a .pulsati le pump to restore rhythmic perfusion 

ta the coronary bed and to promote a more normal and physiologie b/ood 

flow distribution to the myocardlum. 
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Fifteen pigs w~ich h~d their aorta b~nded at a youn~ age, • 
1 

to create left ventricular hypertrophy, were placed on normothermic CPB 

and perfused with either the pulsatl le or the non-pulsatile pumps. Myo-

cardial blood flow distribution was studied by radioactive microspheres. 

50 long as the perfusion rate was ma!ntained at 70 cc/Kg/min blood flow 

distribution across"the mybcardi-at--wall wa.s._-L.<tentical in the normal sinus 

rhythm (N5Rl and in the ventricular ft~ri 1 latlng groups (VFl Irrespective 
<> 
of the type of perfusion. At I~w perfusion rates, subendocardial 

Ischemia developed in ail groups and was more profound in the tlbrl 1 latlng 
l , 

2 

groups. The deleterious effect of ventrlcular fibri 1 lation was not counter-

acted by pulsati le perfusion, and subendocàrdlal ischemia was not reversed 

t-vith pulsatlle flow durill9-cQrdl()p~I~~ary bypass (CPSl. 
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RESUME 

L'ischémie des couches profoundes du myocardie pendant le 

pontage cardiopulmonaire est une cause principale 'de mortal ité pendant 
'-:\ 

'I~ p~riode chirurgicale et post-chirurgicale dans les ma1adies cardiaques 

acquises. Les facteurs principaux contribuant à la mortal ité sont 

l 'hypertrophie du myocarde et la flbri Ilation ventriculaire. Dernièrement, 

d'autres facteurs ont été précisés comme facteurs contribuant aux, lésions 

du myocarde qui exige une plus g.rande consommation d'oxygéne. Ce sont . 
sténose de l'aorte, surtout après perfusion extra-corporèlle, déséqull,ibre 

~Iectrolytlque de la pe(tuslon coronariènne, augmentation des tensions 

tissulaire entre les couches su~erficiel le et profonde du myocarde, et 

diminution de la tension d'oxygène progressive à travers l'épaisseur du 

.:.'. myc:x::a rde .- L"vidence r'cente indiquerait que la perfusion pulsati le serait 

supérieure ~ la perfusion co~tlnue. Il nous semblait que les faits nocifs 

de la fibri'llation ventricul~irè pouvaient être prévenues en émployant une 

perfusion pulsatl le pour r~tabl Ir une perfusion rhythmique à la circulation 

coronaire qui produirait une perfusion plus physiologique au myocarde. 

L'hypertrophie ventriculaire 

lait en rêtr~clssant l'aorte. 

gauche était produit dans quinze cocKons de 
j , 

Ces cochons êta 1 ent perfusés par l'a pedu"s ion 

no~mothèrmique en perfusion extra-corporel Îe en employant les perfusions 

pulsatlles et non-pulsatiles. 
l' • , 

La circulation myocardlque fut etudIee par 

moyens des mlcrosphères radioactives. Quelque-soit la technique de rhythme 
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et perfusion employée, aucune "différence a été notée dans la répartition 

du sang dans les myocardes hypertrophiés. Cepend~nt à debit réduit, 

l' ischém'~ subendocardique était plus marquée dans les cas de ffbril lations 

ventriculaire~. La perfusion pulsatlle ne semblair pas emp~cher les 

eftets nocifs de la fibrillation ventriculaire. 
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FORWORD' 

The modern era of card 1 ac surgery ,began just pr lor to Wor 1 ct 

War There was 1 ittle progression of this surgery during the War, but 

thereafter especial Iy wlth the development of extrôcorpo-
~ 

rea 1 • Cardlopulmonary bypass (CPS) made possible, 

in the early 19505, a wide vari~ty of operatl6ns on the heart and great 

vessels, and more recently has al lowed surgeons to perform operations on 

the coronary arterles. 

. 
As one problem after another has been solved'In the use of 

extracorporeal clrculat1on, others have become apparent. Outstanding at 

the pres,ent tfme ls the damage to blood elaments (,16), the ~ena-turation 

of plasma protelns (48) and the Interference with the mlcrocirculatlon 

6 

during CPS procedures, as wi Il be descrlbed ln th,ls chapter. ". " , ,. 
~ \1' 

The prob l'em W!3 are p; 1 mar 1 ~y 1 nterested in, 1 s the a 1 tera'ti'~'~ '\ 
\J .P . i " 

ln the distribution of blood flow to the myocardium which occurs durlng , 

CPB procedures on flbrillating hypèrtrophled hearfs lead'Irtg to subendocardial 

underperfuslon and, ln ext~e cases, to subendocardlal necrosls. Patholo-, 
(1 

glcal observations at the Royal Victoria Hospital ln Montreal, have shown 

that thls les Ion occurs excluslvely ln patients undergolng CPS procedures 
1 

for·acqulred heart dlséase. 

A hlstorlcal background on the development of extracorporeal 
J ~ 

circulation will be presented. Later ln thls chapter, soma pertinent 
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. studles 'on the normal coronary .artery physiology and the factors that 

contrlbute to th~ alteration ln the normal physiologie distribution of • blood flow wi 1 1 be reviewed. Finally, sorne studles eomparing pulsatile 
" 

and non-pulsatile extracorporeal perfuslqn are summarized, with particular 

attention on the physiologie changes on the eardiovaseular system. 
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NOTES ON THE HISTORICAL DEVELOPMENT OF EXTRACORPOREAl CIRCULATION 
i 

The concept of an artlflclal perf~~on wlth oxygenated' 

blood was frrst suggested ln 1813, by LeGil lois (49). Von Frey and 

Gruber (74), in early 1885, constructed a pump devlce whlch conslsted 
11> 

of a 10 c~ syringe whlch had two one-way valves and was driven by an 

electrlc motor. This was a rather primitive type of extracorporeal 

apparatus, in which tlood ~as oxygenated by flowing ln a film over the 

Inner surface of a rotating cyl inder. 

Ci!lrl Jacobi (42) in 1895, excised the luhgs of animais, 

artlficlal Iy ventllated them, and passed blood through them. S.S. Brukho­

nenko and S. Tchetchullne (13), in 1926 j designed an extracorporeal 

system that used an excised anlmal's lung a~ the oxygenator ~nd two 

mecha'n 1 ca 1 1 Y actuated dl aphragms as the b 1 ood pumps. Venous b lood was 

pumped from the animal (dog)' int6 the pulmonary circuit of the Isolated 

lung and the oxygenated blood was then pumped back into t~e anlmal's 

arterlal system. They w~re able to keep dogs al Ive sometlmes for severa 1 

hours after stopplng,thelr hearts. 

The pioneer ln the development of a heart lung machine was 

J.H. Gibbon, Jr. (28). This Investlgator became interested ln extracorpo-

real circulation as he watched a woman die of a pulmonary embolus for , 

wh/ch she had been operated upon. Glbbon's flrst o~ygenator conslsted 

of a vert !'cal revo 1 v 1 ng cy 1 1 nder. The ceotr 1 fuga 1 force produced t.y the 
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revolution of the cyl inder maintained the blood film on the inner surface 

of the cyl inder. The pump consisted of an air pump activating a' finger-

cot blood pump. The valves were made of sol Id rubber corks. Venous 

blood was pumped ta the top of the oxygenator and fi Imed onto the Inner 

surface of the oxygenator cyl inder. As blood descended under the force 

of gra'vlty, it absorbed oxyge,r and released carbon dloxide. The oxygenated 

blood was then returned to the animal's body through a metal cannula ln the 

femor'al artery. In full operation, the machine could oxygenate 500 ml of 

blood per minute. 

Later Gibbon modlfled hls machine wlth a DeBakey pump which 

was a modification of the roi 1er pump. His work, howeve\. was ta be 

interrupted by World War- Il, after' whlch ne returned to Philadelphia as 
1 

Prof essor of Surgery and continued his researGh. His first post-war 

machine consisted of a rotatlng vertical cyl indrical oxygenator and modified 

DeBakey rota tory pumps. The blood pump was de~igned to prevent hemolysis 

and the oxygenator was des rgned to prevent air bubb 1 es . He was~ then ab 1 e 
.. 

to perform operations ln small dogs wlth long-t~rm survivors (26, 70). 

80wever, the oxygenator was too smalt to support total bypass in humans. 

A new oxygenator was designed conslsttng of parai I~I series of six fiat 

stalnless steel screens e~closed ln a clean plastic case. In 1949, Gibbon 

began experimental bypass surgery ln adult dogs and, at the 5ame tlme, 

developed a suction dèvlce, learned how to prevent air embol Ism, and 

graduait y Increased the ,perfusion tlme (54). 

9 
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~ Meanwhi le other groups had become interested in heart-Iung 

mach i nes. 1 n the 1 atter 19405, Clarence Denn i s (45) in Minnesota, work i n9 

with Karl. Karlson (45), developed an oxygenator consisting of multiple, 

slowly rotating screen disks. In April 1951, he explored d six-year old 

girl with end stage heart disease. She was found to have a very large 

atrial septal defect. The heart-tung machine functioned wei 1 but the 
~ 

patient did not survive. 

Dodr i 1 1 (20, 21, 22) in Detro i t, deve loped a mechan ica 1 

heart wh ich di d not conta i n a b 1 ood oxygenator and, on J u 1 y 3, 1952, 

performed the flrst succes~fut left ventricufar bypass operation on a 

fort y-one y9ar old man with severe mitral insufflclency. A few months 

leter. he performed the first successful rlght heart bypass on a slxteen 

year old boy wlth congenital pulmonie stenosls • 

. 
On May 6, ,1953, Gibbon operated upon an eighteen year old 

~ 

girl wlth an atrlal septal defect and dld the first successful open-heart 

surgery under tdtal cardiopulmonary bypass (27). Gibbon's cardiopulmonary 

10 

bypass (CPB) device was wei 1 received but dÎd nbt arouse Immediate exciteMent' 

among cardiac surgeons who were then most Interested in the use of deep 

hypotherml~. 

It was C.W. Li 1 lehei (17) who moved the CPS machine from the 

leboratory to cllnlcal surgery. li 1 lehel lnltiated hls work by developing 

a more sul,table btood pump, a single cOrrJnérclally av~llable Sigmamotor pump. 

l 
1 
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From 1953 to 1955, Li 1 lehei, Cohen, Warden and Varco did extensive work 

on cross-circulation for intracardiac surgery and recelvedJ~~e lasker 
""', " 

Award for med ica 1 research (51), Li 1 1 ehe i cont i nusd fI·i s wor~ on the 

heart lung machine and developed the "reservoir" techn~que fo~.operations 

in chi Idren. 
l, , , 

ln the early 19505, Mustard (56, 57) in Toronto, used the 

heart-Iung machine to operate on seven infants with transposition of the 

great vessais, None of the patients survived, primari Iy due to advanced, 
1 

end-stage heart di5ease. They used a Cowan perfusion pump and a monkey 

or dog's lung as the oxygenator. 

ln 1955, Kirkl in (44) modified the IBM-Gibbon machine and 

Il 

used it in thirty-eight operations with sixteen survlvors. He demonstrated 

the usefulness of the machine to perform open-heart surgery. 

A'bubbie oxygerrator was deveioped by DeWali (50), working 

w i th li l' 1 ehe 1, and was fi rst used 1 n the summer of 1955. The 51 mp 1 e, 

dlsposable plastic bag bubble oxygenator was a)so developed by DeWal 1 (19). 

This oxygenator played a tremendous role in expanding open-heart surge~y 

as seM today. • 
Wlth the ôdvent of better anesthesiô, aseptic techniques, CPS 

procedures and better knowledge of cardlorespiratory physlology, cardiac 

~urgery began a newera. Congenital heart defects were'repaired, prosthetic 

valves were developed and replaced the diseased heart valves, and the 

dlseased myocardium was surglcally. treated. More recently, coronary artery 

surgery and cardlac transplantation were performed. 
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NOTES ON THE PHYSIOLOGY OF THE CORONARY ARTERIES 

Although knowledge of the coronary arteries dates to the 

sixteenth century when a tairly accurate anatomical description was given 

by Vesal ius (67), knowledge of thelr function had to await the work of 

Harvey (35) in 1628, and that of Thebeslus (72) in 1708. It was Thebeslus 

~hO demonstr~ted by careful dissection the anastomotic channels between 

the coronary arteries. 

Anrep et al. (3) in 1927, developed a method of measuring 

coronary blood flow using a platlnum wire. After the coronary arteries 

had been cannulated, they were perfused with blood fram a reservoir. Once 

the deslred perfusion pressure was achleved they placed a heated platinum 

w 1 re 1 n the mouth of the reset'vo i (. The temperature of the b lood erÏter i ng 

the coronary arterles was equilibrated wlth air flowlng over the heated 

platlnum wire. The range of cool ing was cal ibrated and gave a measure of 

the phasic flow to the coronary arterles. They were able to demonstrate 

12 

th~t flow to the myocardium was diminlshed ln systole both in normal dener-

vated haarts, as weil as in heart-lung preparatiol'1s. 

Uti Ilzlng heart-Iung preparation in dogs. ~nrep èt al. (4), 

in 1929, perfused with constant pressure the cannulated right and,lett 

coronary arterles. as wei 1 as the coronary sinus. They found that the 

outflow from the coronary sinus bore a direct relatlonship to the total 

coronary blood flow. Anrep et al. demonstrated that clamplng one coronary 

~~~~~ ........................................................ ---
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artery lad ta increased b'f~ flow ir'! th~ remaining artery. The data 

from these'~'tudies shawed that 80 percent of the Total coronary flow 

'" was via the left caronary artery, 50 percent by the clrcumflex, and 

30 percent by the anterior descending artery. Approximately 20 peTcent 

of the total flow was carried by the right coronary artery. 

'. 
Katz et al. (46) in 1938, usil'\g similar experiments subse-

quent 1 Y conf i rmed these r9SU 1 ts. 1 n add i tian they found that dur i ng 

ventricular fibrillation thé left caronary artery carrled 82 percent 

13 

of the total coronary blood flow and the right coronary artery 18 percent. 

ln 1931, Anrep et al. (2), demonstrated phasic flow in the 

coronary arteries and pointed out that coronary artery blood flow , 

occurred both in systole and in diastole. His team attributed the 

syst,,'lc flow to expansion of the large elastic coronary branches. 

Wiggers et al. (78) in 1933, demonstrated that thera was 

slgnlflcant plood flow in the Intramural vessels of the left ventricle 

durlng both systole and diastole,' and that there was no arrest of 

blood flow.during systole. They concluded tha~ though the systol ic 

events of the myocardlum Increased the resistance of the blood vessels, 

the res i stance was not great enough to prevent the fi ow of b 1 ood. 

Johnson et al. (43) ln 1939, measured intramyocardlal pressure 

using mercury manometers attached at elther ends of the carotld artery . 
inserted 'nto the myocardlum. Changes In'pre~sure were transferred to 

an optlcal manometer and recorded. They found that durlng systole there 
~ 

• 
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was a press4re gradient. This gradient decreased from the deeper to 

the "'fnore.superficlal layers of the myocardium. The intra-myocardial 
. 

pressure ln the deeper areas was greater than the aortic pressure. 

The intra-myocàrdlal pressure in the superficial layers was equal to 

or less than the aortic pressure. Johnson et al. concluded that even 

though the endocardial vessels may be occluded during systole, there 

still may be a continuous flow of blood to the endocardial areas, when 
1 

pressures are lower or equal to aortic pressures. 

The modern era of. phasic ffow studles in the coronary arteries 

may be sald to have started when constant pressure flowmeters were 

developed for appl icatlon to the coronary arterles in situ. Much of 

what is known today about the coronary artery physlology we owe to 

Gregg and Green (32) in 1940. They descrlbed a method for contlnuous 

optical monitoring of the instantaneous inflow into a coronary artery 

by shuntlng blood from the aorta to the coronary artery via a short 

external circuit c~nla'ning an orifice conne~ted with a dlffere~tial 

manometer. These i~vestlgators demonstrated that at the beginning of 

Isometrlc contraction there was rapld retardation of coronary flow. As 

the aort1c 'pressu/e rose durlng the ejection period, coronary Inflow 

accelerated. A peak was reached durlng the mlddle of the rlse of the 

\ aort le pressl!re and dec Il ned then at a constant rate of 1 nf low dur 1 ng 

the latter par~ of systole. The rate of lnflow at the end of diastole, , 

just precedlng isometrlc contraction, was tàken.. as an index of lntramural 
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systole. Recprdi~~ the , raTe of intramural blood 

flow and aortic pressur""imultaneously, they eatculated that the 

~esistance to flow dur,ing the latter part of diastole increased from 

two ta four fold during systole. 

. 
Durlng the cardiac cyela, coronary a~tery perfusion occ~rs 

"" mostly d"rlng diastole. Systollc blood flow, as wei 1 .5 Its relative 

distribution to the myocardium, was studied by Gregg ~t al. (33) in 1956 . 

Uslng open-c~est dog preparations to measure coronary blood flow during 

different tim\s of the cardiac cycle', they showed that coronary flow 

invarlably inerèased durlng induced ventricular asystole in,both the 

left coronary artery (13 to 77 percent) and in the coronary sinus (17 
( 

to 76 percent). During ventricular fibri 1 lation there wa~ a siml lar 

increase ln the coronary blood flow to the myocardlum. This ted them 

to conclude that contraction of the myocardium acted to Impede eoronary 

flow through fhe left ventricular wall. 

Sabiston et al. (65), ln 1957, studled th~ effects of organized 

myocardlal contraction on coronary blood flow in 27 dogs by cannulating 

the, eoronary vesse 1 sand perfus i ng them at a constant pressure, wh i ch 

approxlmated that of. the prevaillng systemlc pressure. Coronary flow 

was measured slmultaneousJy ln the left coronary artery and ln the 

coronary sinus. Experlments were done ln (1) normally beatlng hearts, 

(2) durlng'ventrlcular asystole Induced by v~gal stimulation, and 

(3) durlng ventrlcular flbrll latton. The average control Inflow to the 

. . 
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left coronary artery in a beating heart was 93 ml/min and rose to 

141 ml/min fol lowlng asystote (59 percent incréase). Coronary sinus 

flow was 80 ml/min in control animais and with asystale rose trom 1"6 

ta 76 percent that of the control value. In the ventricular tibrirla-
." 

tion hearts the left coronary artery flaw rose from 119 to 140 ml/min, 

with a mean increase of 26 percent, and eoronary sinus flow rose tram 

74 to 121 ml/min. As shawn by previous researchers (33), these studies 

suppo~ted the idea that cbntraction of the myacardium impeded coronary 

b lood f 101'1. 

Granata et al. (30) in 1965, put electromagnetic flowmeters 

around the coronary arteries in dogs and simultaneously stimulated the 

stellat~ gangl ion. They showed t~at coronary blood flolV was abruptly. 

decreased just prior to svstolic ejection. During the ejection phase 

with the rise in aortic pressure, the 

relaxation flow again increased. The 

fl,~ increased. With isometrie 
~ 

flow th en graduai IV deel ined with 

the dlastol le fall of the blood pressure. Without any change in the 

16 

brood pressure, ,the heart rate increased within six seconds of sympathetic 

stimulation. Mean coronary flow increased from 36 to 58 ml/min. The 

systol lc and dlastol lc flows increased ln the coronary arteries per beat. 

End-diastol ic resistance ta the coronarv flow decreased 1.8 P.R.U. from 

the control value of 2.8 P.R.U. under sympathetlc stimulation. In systole, 

/, 
lnflow changes were smaller and variable accordlng to the strength 0 

.. 
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\ . 
of stimulation. These data suggest that arteriolar dilatation may 

play a role in augmenting coronary blood flow. 

Downeyet al. (24) in 1974, perfused the coronary arteries 

of dogs w i th p/essures equa' to system ic pressures dur i ng systo 1 e, and ~~ 

a near zero pressure during diastole. The goal was to determine the 

transmural distribution of coronary blood flow during systole. A 

sol~tion of 20 microcuries of 86 Rb Chloride dÎlùted in 0.1 ml of 

normal sai irie was injecte~ into the coronary arteries during the 

systol ic phase. Forward f low and thus the dei 1 very of 86 Rb occurred 

only in systole. The relative distribution of blood flow across the 

ventricular wall was determined. Downey et al. determined that there u 

was non-uniform perfusion of the myocardium during systole and thé 

outer fourth received over twice the blood flow of the inner fourth. 

The perfusion ratio of inner/outer layers was 0.52. 

Prinzmetal et al. (61) in 1947, studied the coronary artery 

anastomotic channels in human hearts using red blood cel Is tagged wlth 

P 32 f n the form of Na2HP04. 

1 ____ 

ln a simi lar experiment they also perfused 

the coronary arteries with glass spheres measurlng 10 to 400 micra, 

suspended ln a radlopaque medium. Numerous anastomotic channels were 

found between the coronary arteries on autopsy. Using the glass spheres 

and a cal ibrated reticule in the eye piece of a.microscope the dlameter 

of the intercoronary anastomoses was determined as measuring frùm 70 ta 

180 mlcra. The presence of arterlo-venous anastomoses of 70 to 170 micra 

in dlameter in the myocardfum was also demonstrated. The fuoction of 

.jhese arterfo-venous anastomoses, the y postulated, was as a source of 

L 
'l' , ' 
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oxygenated blood in cas~ of an arterial occlusion. 'The anastomo~c 
channels between the coronary arteries and either ventricuiar cavity 

measured 70 to 220 rn i cra' in di ameter. 

ln 1961, MacLean et al. (52) used glass radioactive micro-

spheres label led with Na 24 ând mea~uring 20 mlcra in diameter to study 

the distribution of b~ood flow fo the myocardium of dogs. They showed 

the presence of a u~iform distribution of spheres across the myocardial 

wa 1 r of the norma 1 1 Y beat i ng heart. The arter i o-venous shunts, wh ich 

were ail greater than 50 ml cra," accounted for two 1'0 four percent of the 

total flow across the heart. 

Sai isbury et al. (66) in 1963, used a 2 percent solution of 

sodium fluorescein ta study regional blood flow to th"e myocardium durlng 

CPS in dogs and they studied the hemodynamic factors that could cause 

subenaocardial ischemia. Thick, confluent areas of tota-Ily Ischemie 

myoc~rdium existed when there was concomitantly low çoronary perfusion 

,pressure (below 70 mm Hg) and an abnorlllal''y ,;Ievated left ventricular 

diastolic pressure <âbove 25 mm Hg). Their results 5upported the idea 

that any region of the heart muscle will be deprivea of blood supply, even 

dur i n9 ventr i cu 1 ar di asta 1 e, r f the i ntramyocard 1 a 1 pressure rema i ns 

hlgher than local coronary pressure. 

Kirk et al. (47) Iii 1964, described a method of estimafing 

'myocardial tissue pressure i~ open-Chast dogs whlch was b~sed upon blood 

flow through a br~nch of the coronary artery. Fluid flow throùgh this , 

18 
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segment of vessel will cease when the external pressure ~n the segment 

ilf" 
exceeds the diste~ding pressure. The intramyocardial pressure reached 

a peak during Isovolumetrlc cont~action. The second peak of greater 

magnitude occurred during the ejectipn period. Sy measuring the intra-

myocardial pressure at different levels they showed that the peak tissue 

pressure in the inner half of the myocardium wag twice that of the ~i-

'card i um, 

~ 

~oir et al. (55) in 1967, studied the distribution of blood 

flow to the i nner and outer t avers of the, 1 eft ve.ntr i c 1..1 us i ng 86 Rb 

Chloride in anesthetized, open-ch~st dogs. The iSbtope was infused into 
\ 

the cannulated left corona~y prtery. They were able to lhow that under 

normal resting conditions the myocardi,um Wi;lS evenly perfused. When the 

left intr~ventricular pressure was ralsed, but t.he coronary perfusion was 

19 

held at levels sufficient to'provide normal coronary flow, the endocardlal 

distri~ution of the isotope was equal or 51 ightly greater than that of 

the epicardiu~. However, when the coronary perfusion was lowared, maintB­

nance of ~'~ma 1 1 eft i ntravèntr icu t ar Rr~ssure resu 1 ted in marked under­

perfusion of the endocardium. Vasoactlve drugs, dipyrida~le, norepineph-

rine, vasopressin and beta adrenergie blocking agents (prop~olol) Increased 

the flow distribution to the endocardlum of both normotenslve and hyper-
! • 

tensive left v~ntricles, They concluded that systol ie tissue pressure 

which increases from epica~dlum to endoeardium does not cause signlficant 

underperfuslon of the endocardium ln either normotensive or. hypertensive , 
left ventricfes as 'long as normal coronary perfusion pressure and flow' 

are maintalned. / 
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Griggs (34) ln 1968, used lodoantipyrlne-l31 " a freely 
" 

dlffusable substance, to study the distribution of blood flow to the , 
myocardium under normal and adverse conditions of myocardial ischemia. 

ln the open-chest dog preparation they constricted the ~ubing of a 

cannula supplying blood flow to the left coronary artery, injected the 
, 

isotope, quickly sacrific8g the animal, and counted the radioactivity 

in the different areas of the myocardium. Under normal conditions, as 

wei 1 as with mi Id constriction of the tubing, the;e was si Ightly higher 

concentrat i on of the isotope in the 1 nner 1 avers of the myocard 14m. 1 n 
" 1 

contrast, under morè severe hemodynamlc conditions, i.e., almost complete 

constrictlon of the cannula tubing, there was a relatlvè exclusion of the 

isotope from the Inner laVers as compared to the outer layers. The 

puzzling question of why there ~as more isotope i~ the ehdocardium under 

normal conditions"they pointed out, could be due to: (1) direct entrançe 

of the isotope fram the ventricular cavity; (2) hlgher myocardial blcod 

flow in the inner layers due to overshoot ln vasodi latatlon in the deeper 

res 1 stance vesse 15 ,i n response to' the pressure grad i ent between aorta aM 

the c~onary arterles; and (3) greater energy ~xpenditure for ,mechanlcal 
, (' 

work in the deeper area~ of the myocardium. They also postulôted the .. 

20 

existence of a richer capi 1 lary supply IN the deeper areas of the myocardlum, 

whlch would be responsfbÎe for the greater and' more rapld accumulation of ' - . . , 

tl:1e 1 sotope 1 n these 'areas'. They concluded that the Isotope distribution . , 

und~r~ent a tran~ltion fram one.of active vaso~tor contrel under normal 

conditions, ta one of passive dependence on Intra and ext~avascular pressure 
, 

phenomenen wlthln the ~yocardium under Ischemie conditions • 
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ln 1969 Domenech et al. (23) studied the distribution of 

total and regional blood flow to the myocardium of dogs, using radio-

active carbonized microspheres labelled with six different ~sotopes 
, 

and measuring 14 ta 16 micra in diameter. ~hey injected the spheres 

i nto the 1 eft atr 1 um of th~ an i ma 1 and at the s'ame t i me co~ 1 ected 

samptes.of blood from the' coronary sinus. They showed that the total , 

coronary fi ow in seven consc i ous dogs ayeraged 95 to 150 ml lm i ni 1 00 GM 

of myocardium. Flow to the left ventricular myocar~ium was 111 to 

169.ml/min/l00 GM. The radioactlvlty per gram of the left ventrièular 

myocardium was 2.5 times that of the epicardial muscle using spheres of 

size 51 to 61 micra in dlameter. The radioactivity was 1.4 using 

spheres 20 to 23 micra in diameter, and 1.3 uSing)fPheres 14 micra ln . 

diamrter. After successive injections Of. spheres Înto the left ~trium, 

no c~nge was observed in aor~lc pressure or coronary flow, Indicating 

that the mlcr05ph~re5 had not altered the vascular resistance. Only 0.1 

peréent of the total radioactlvity appeared ln the col lected blood trom 

the coronary sinus, Indicating that the spher~s were almost completely 

fi Iterad out by the capl 1 lary bed of the myoèardium. 

Becker et al. ,(11) in 1973, studled the distribution of blood 

21 

, flow to the myocardlum of normal pigs before and ~uring CPB, using rad 10-, ~ 

active mlcrospheres 15 ~ 5 micra ln dlameter. These Investigators used 

very low unphyslologlcërl perfusion flow rates. Prior to CP8 the normally 

beatlng heart had an eplcardlum/endocardium ratio of 0.69 to 0.76. Durlng 

,-
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venfricular fibrillation on CPS the ratio had raised to /7.6 + 4.37. Sy 

al lowing the heart to beat spontaneously during CPS the ratio· 

reversed to 0.88 + 0.09. When the fibri 1 lating heart was perfused 

with pulsati le flow the ratio .c\~1 i.ned to 3.12 2:. 1.55. The conclusion 

was that the subendocardium was ~arkedly underperfused when the heart 

remained in ventricular fibril fation during CPS. Vasodi latation with 

dipyridamole or perfusion with a pulsati le pump improved the gradient 

but still favored the epicardlal slde. Normal distribution of blood 

flow acioss the myocardiel waf 1 was only observed when the normal heart, 

was al lowed to beat' spontaneous 1 y. 

Taber et al. (71). in 1967, p~bl ished a paper on sixtee~ 

patients who had died fol lowing open-heart surgery. Fourteen of 

sixteen patients had aortic and mitral valve disease, wlth aortlc 

stenosls in ~even, and aortlc lnsuff/çlency ln two. There were three 
f 

types of cl inlcal courses manifested by these patients: (1) three died 

on the operatlng table after two hours of fruitless partial support of 

the circulation; (2) three patients showed poor myocardral contracti / Ity 

in the operating room but the Îow-cardiac-output stat~ only occurred 

four houts later and death withln twenty-four hours; and (3) ten patients 

who had no sl9ns of myocardlal dysfunction in the operatlng room but 

22 
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autopsy ln these patients, left ventricular hypertrophy was found in 
'1 

ail hearts. Local ized myocardial in'farction. as sean in coronary artery 

disease, was absent. No intracardiac thrombi could be found. Arterio-
1 

grams were performed, primarlly to exclude patients with signlfi~ant 

" 
(50 percent) s+enosis of the coronary arteries. At microscopy, there 

was uniformity of findings )n ail 16 cases, namely, the presence of 

dlffusely distributed'myo~ardial microlnfarcts syrrounded by healthy 

tissue. Contraction bands were the principle manifestation of necrosis 

in one patient who died in the operatlng room. These infarcts dlct not 

resemble those seen in arteriosclerotlc heart disease. Impaired coronary 

perfusion, air embol i, and platelet aggregates were bel ieved to be 

responsible for these microinfarcts. 
1 

Early in 1949, Horn et al. ~) did elaborate studies in the 

hearts of twenty-five patients Who.-ld of myocardial injury in the 

~ absence of coronary artery occlusion. A pecutiar di~tribution and form 

of myocardlal injury, limited in grea ,part to the subendocardium and 

pap~ 1 1 ary musc 1 e of the 1 eft ventr Ic 1 e, was recogn i zad. 1501 ated, di sse-' 

minated, hemorrhaglc, mottled yel low sh-greenlsh discolored areas were 

noted. The slzes of the~ lesions v ried from a discrete pinhead fo 

wider and flame-shaped zones, some a eraging 5 to 10 mm ln diameter. In 

seven hearts, the~e were broad confluent areas of discoloration running 

parai lei to the endocardlum, and mo 
• 

them were restricted to the /nner 

th/rd wall of the myocardlum. In t ese hearfs there was no evidence of 

involvement of the subepicardlal ar as of the myocardium. The Investlga­

tors correlated the severlty of the e leslons wlth the follôwlng factors: 

,,-
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(1) impa1rment of the myocardlum to compensate with an incr-ease in 

coronary flow during adverse conditions; (2) increase in the resistance 

due to obstruction of the coronary arter ular lesions (aortic 

stenos i sand i nsuff ic i ency) 1 ead i ng to a the effective per-

fusion pressure of the coronary arteries and (4) 
, 

+-. 
myocardlum wbich augmented the ~quirements for,myoca dial blood flow. 

They also noted that hypertrophy of the myocardium occutred ln twenty-two 

out of twe"nty-f 1 ve pat i ents and that the most str i king fi nd 1 ngs had 

occurred in the hypertrophied hearts. They speculated that there was 

a disparrty between the enlarging heart and its blood supply and th~t 

the fhickness of the hypertrophled muscle tibers mil Itated agalnsf proper 

oxygen diffusion. 

Najaf! et al. (59) in 1969, reported autopsy findlngs ln 

24 

thlnty-one patients dying in the early post-08erative period following 

open-héart surgery, and who had suffered a common characteri st ic card Jaç-/ 

lesion. Twelve of these patients were Grade IV (New York Heart Ass~qfation 

/ 
Classification), flfteen were ln class III, and four patients wer,f/ class Il. 

Patients in class Il were operated upon due to severe aortic st~nosis 
1 

causlng syncope and angina. Twenty-four of these patients ~ré in conges-

tive heart failtJr:e., RadJologlcal evJdence of cardiomegaly was present in 
ù 

ail patients and left ventricular hypertrophy in iwentjlnine patients. 

As ln the previous study (36), they dlvlded th~lr pat/~nts into three 
, . . / ' 

groups: (1) two patlents who died on the operattng;room; (2) ten patients 

who Inittally had excellent cardlac output but developed ventrlcular 
/ 

àysfunction wlthln twe~ty-four hours, and (3) ni etèen patients whose 

., 
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1 
impalred myocardl~1 contracti 1 ity was noted in the operating room but 

who were able to be weaned off CPS. Ail but t~o died within seventy-two 

• hours after surgery. The typical picture of ail deaths was that of low-

output-syndrome leading to cardiogenlc shock. Gross pathology in these 

hearts showed left ventrlcular hypertrophy in twenty-nine patients. 

Hemorrhagic necrosis of the left ventricle was the most striking finding 

in these hearts. The typical les ion appeared as an area of intense , 

hypetemia and hemorrhage in the inner third of the myocardium. In two 

thlrds of the patients it extended from the apex to the base of the 

heart and was circumferential involving the left ventricular side of the 

septum. In tive patients it was less extensive involving either the 

anterlor or the postèrior left ventricular wall or both. The coronary 

\ 

arter i es were norma 1 in mi neteen pat 1 ents, atherosc 1 erot ic but patent 

• in SIX, and partial Iy occluded in six patients. Only one patient had 

extensive coronary artery disease. Microscopie findings in these hearts 

had five comman features: contraction bands (in 21), interstitial 

hemorrhage (in 26), necrosis (in 28>, flbrosrs (In 3), and calcification 

(in 6 patients). Without exception the lesion was confined to the left 

ventr 1 cie and was el ther cl rcumferent i a 1 or sem i -c i rcumferènt i a 1 ',_ 1 t 

25 

was n~ver transmural and always local Ized to the subendocardJum. It never 

fol lowed the distribution of the coronary arteries and occurred in the 
fil 

,absence of ~oronary artery disease. They were impressed with the frequency 
~ 

ln which the les Ion had occurred ln hearts that flbrtllated during the 

procedure (28 out of 31 hearts). This was ~ complete and classlc study 

, " 
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of the 1 es i'on - subendocardial necros i s of t~ myocardium. 
" 

Using retrospective studles, Huang et al. (41 ) in 1970, 

studied forty-seven hearts of patients dying during CPB procedures . 

Subendocardial necrosis occurred in twenty-one of twenty-seven patients 

. who had dled within the first week of CPB due to low-output-svndrome . . 
ln five cases dying between two weeks and three months the les ions 

showed varying degrees of heal ing and formation of band-scar in the 

inner third of the myocardlum. In 20 out of 27 patients hemorrhagic 

necr.osis was present in the inner half of the myocardium. They bel ieved 

that Interference with the microcirculation to the myocardium was the 

most Important factor leadlng ~o this injury to the myocardium. 

ln an- attempt to reproduce subendocardial Ischemla and necrosis 

in experimental animais, Najaff et al. (58) in 1971, first put dogs and 

i 
later calves on CPB, and chal lenged them with unphyslological conditions 

that sometlmes are encountered in the operating room such as Ischemie 

arrest and un~lanced 'perfusion of the left and right coron~ry art~ie5: 

ln elghty experiments inJdogs they could not reproduce the les ion, 

concluding that the animai was not suitable. In the calves they subjected 

/them to total Ischemia for two hours, and found that it caused no injury 

~- to the myocardlum. P~rluslon of the coronary arteries with pressure ln 

excess of 100 mm Hg showed that the hearts of these animais were unlformly 

unremarkable, and post-perfusion cardiac petformance was exeel lent. In 

another group the antire myocardium was unevenly p~rfused. Here a wide 
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spectrum of pathological changes were found which varied from negligible 

myoc~rdial in jury to massive left ventricular hemorrhagic necrosis. They 

concluded that minimal cbanges occurred in the subendocardium when there 

was: (a) uneven coronary perfusion, (b) the perfusion pressure on the left 

coronary artery exceeded thôt in the right, and (c) with partial myo-

cardial oxygenation in which only th~ right cordnary artery was deprived 

of circulation. Lack of perfusion of the circumflex system produced.a 

l ,les Ion within the distribution of that vessel. The greatest in jury to the 

subendocardium occurred when the anterior descending or the left coronary 

artery was deprived of circulation whl le the right coronary artery was 

perfused at pressures in excess of 140 mm Hg. 
~ , 

Suckberg et al. (14) ln 1972, studied experimental Iy normal 

hearts and heart,s 1 n wh i ch di fferent shunts had been created. There wa? 
1 

a homogenous blood flow distribution to the myocardium and hearts with 

a dlastollc pressure tlme Index/tension time index (OPTI/TTI) above 0.7, 

and there was no histochemlcàl evidence of Ischemia. In anlmàls wlth 

OPTI/TTI below 0.7, on the other hand, there was evidence of ischemia, 

which was more sev~re in the endocardial areas. These investigators also 

revlewed the autopsy findings in twenty consecutive pat~ts dylng durlng 

CPS. Ail pati'ents had electrocardiographic evidence of my?cardial hyper­

trophy and/or ischemia. Normothermia was used in four, hypothermla ih 

slxteen, an~ ventrlcular fibrillation ln eight patients. Bath coronary 

arterles were perfused ln flve patlents~at pressures of 100 mm Hg), and 

Ischemie arrest was used ln seven patients. There were severa 1 eommon 
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features in the se hearts: (1) ail had ventricular hypertrwphy, (2) the 

surglcal repair was intact, (3) and ail coronary arteries were patent. 

Four hearts had large infarcts involvlng the sep,tum and large ar~as of 

the left ventricle. Hemorrhagic necrosis was transmural in two of 

sixteen grossly normal hearts. Four hearts showed necrosis local ized 

to the subendocardium on st8i~ing with hematoxyl in and eosin. Unlformly, 

âll these changes were more striking in the hypertrophied hearts. These 

invéstigators could not identify a common factor related to CPB alone to 

explain the ischemla. 

An interssting lesion was described in 1972 by Cooley et al. (18). 
. . 

These inve5tigators reported thlrteen patients (out of 4,732 CPS procedures) 

who dled in the operating room from an unusual type of,myocardial fallure: 

5ma.ll, spastic hearts, rigldly contracted. CPB could not be discontinued 

(n these pat 1 ents. They,Co i ned the term "stone heart" to descr i be th 1 5 

condition. The cl Inical features of these patients were similar to the 

ones descrlbed by Najafi et al. (59) and Taber et al. (71)~ Ail of these 

'patients had acquired heart dlsease necessitating open-heart surgery. 

Eleven were in congestive heart failure and eight had angina. Tan 
" 

patients were class IV and the remalnder were class III categories. Over • half had electrocardiographle evldence of ,Ieft ventrlcular hypertrophy 

~nd most of them had conduction defects prior to operation'. Elght 

pat 1 ents had 1 eft ventr i cu 1 ar end-d 1 l'sto 1 ic' pressure greater than 20 lM1 Hg 
. 

almost ail of them had pulmonary hypertension. Eleven had slgnificant ~ 

aortle valvular dlsaase~ flvi had had aortlc valve replacement, and four 

l 



t. 
r 
, 

o 

_had had both aortic and" mitral valves replaced. Some common features 

were found at autopsy: universal Iy there was severe left ventrlcular 
, 

hypertrophy grossly and microscoplcally; intérstitial fibrosls was 

present ln twelve, coronary artery disease in eight, and recent evidence 

of Ischemia or aeute myocard"ial infarction only in four patients. The 

comman gross anatomical feature was severe myocardlal hypertrophy resul't-

ing in a smal 1 left ventricular cavity. Most ot these cases were due to 

aortie stenosis resu!tlng in chronlc left ventricular failure and myo-

cardial fibrosis. Ail attempts ~o reverse the condition during CPS 

fal lad. They pointed out that factors leading to the development of 

"stone heart" shou 1 d be seardted for to prevent th i s cond 1 t i on .i n h i'9h 

rlsk patients. 

The effects of contlnuous ventricular fibrillation cur~ent 

9n the myocardium was studled "by Reis et al. (62,63) in 1967 and 1968. 

They report~th~t the appl leatlon of a continuous fibri 1 latlng current 

to the myocardlum led to Increased ~scular resistance in ;he coronary 

bed, decreased oxygen ~tll (zatlon and Impaired ventrlcular performance 
, 

after deflbrl 1 latlon. These changes were nof observed when the heart 

was al lowed to fibrillate spontaneously. 

29 

The effécts of ventrlcular fibrillation on myocardial perfusion 

were stud 1 ed by Hottenrott et al. (37) 1 n t 973. Exper i ments were d,one 1 n 

23 dogs ln which 15 were normal and 8 h~d supravalvular aortlc stenosis. 
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Blood flow was measured using radioactive microspheres. These' investi-

1 gators found that the spontaneously fibril lating normal hearts had 

\ 
\ raised left ventricular oxygen cO,.nsumption and subel/docardia-I flow" with 

a low vascular resistance. There were no changes in myocardial function 

following CPB and histochemiC~1 studies of the myocardium were normal in 

these hearts. When hypertrophied hearts were flbri 1 lating spontaneously, 

on the ot~er hand, oxygen consumption failed to rise, vascular resistance 

was increased and biochemical evidence of ischemla was present. Ventri-

cular function was also depressed in these hearts following CPB. They 

concluded that the most physiologie form of preservation during CPB was 

to al low the heart to beat whiJe empty. Spontaneous ventricular fibri 1 la­

V' 
tlon may be safe in a normal heart but detrimental to hypertrophied hearts. 

Hottenrott et al. (38) in 1974, tested the hypothesis that 

distension of the fibril lating left ventricle compresseb the coronary 

~rteries, impeded subendocardial flow and caused Ischemia of the subendo-

cardlum. The intracavftary pressure of the left ventricle was raiseQ to 

25 mm Hg whi le perfusion pressure was maintained at 100 mm Hg. There was 

~arked underp~rfusion of the myocardlum during the period of distension. 

Myocardial oxyge" consumpt)on was incr~ased, and, as a result of the raised 

intra~avitary pressure. blood flow fai led to incre~~ te the deeper areas. 

The contlnuously induced electrical fibrillating hearts had severe suben-

doèardlal Ischemla. 1 

'~ 

These studles led Hottenrott et al. (39) in 1974, tp compare 

the effects of spontaneous and contlnuous electrical fibrillation on 

. 
1<t. 
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coronary blood flow distribution, myocardial funcfÎon and metabol ism. 

There were three groups of dogs studjed ln nCDrmal s·inus rhythm (NSR), 

spontaneous fibri Ilation, and continuously induced electrical fibri J lation. 

Regional blood flow was determlned using radioactive microspheres. ·Coro-
. 

nary blood flow was measured with a flowmeter placed around the coronary • 

arterles. In the normal sinus rhythm .groups (working hearts) the total 

~yocardial oxygen consumption was 5.7 cc/IOO Gm/min and the left ventricle 

consumed i.7 cc/IOO Gm/min. With CPB and zero heart work, total .oxygen 

consumptlon fell to 3.2 versus 3.7 cc/IOO Gm/min. With spontaneous 

fibrillation, the oxygen uptake of the total heart and of the left ventricle 

rose and was simi lar to the beating-working hearts. With continuously 
o 

induced electrical fibrillation, oxygen uptake fell in both the total 

heart and the left ventricle. Coronary blood flow was 67 + 11 cc/IOO Gm/min 

when the heart was beating an& working, and decreàsed to 42 cc/IOO Gm/min 

with CPB (beatlng empty heartl. The spontaneously flbrJllating hearts 

had a total coronary flow of 104 cc/IOO Gm/min. The continuously electrl-

cally induced fibril latlng hearts had coronary flows of 93 cc/IOO Gm/min . . ' 

The distribution pf blood flow to the myocardium was normal ln both the 

beating-working and the beatlng-non-working empty hearts. However,Jhe 

absolute flow to the subendocardlum fel 1 50 percent when the external 

work was el imlnated by CPa. Spontaneous flbri 1 latlon increased the 

absolute subendocardlal flow, whereas electrlcally induced contlnuous 

t'Ibrillation decreased the total left ventrlcular blood flow, causing 
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even greater redistribution of blood flow in predi lectio~ to the epi-

cardial areas. The vascular resistance was lowest in the beating working 

and spontaneous 1 y fi br i Il at i ng hearts. 1 t was hi ghest, ( 1 37 percent) 1 n 

the continuously induced ffbri 1 latlng hearts. Beating-working, beating-
1 

empty, and spontaneo~sly Jlbri 1 lating hearts had the same coronary pH, 
lactate qnd potassium. Continuously electrically indueed fibrillating 

hearts wer~ aCldotic, lactate was lowered and hydrogen ions were p~oduced. 

Myocardial performance following CPS was normal in the beating hearts. 

Spontaneously fibri 1 lating hearts ~howed minimal depression in I~ft 
1 

ventricular function. Severe depression was noted in the hearts in which 

the fibri 1 lating stimulus was maintained throughout the procedure. These 

investlgators conclude? that total myocardial oxygen consumption falls 

during electrically maintalned flbri Ilation due to a reduction ir;;~xygen 
J /, , 

dei ivery to the left ventrlcle and due to ô redIstribution of 9Pronary 

blood ,flow to the epicardial àreas. 

The mechanlsms of ischemia during ventricular fibril lat;on was 

studled more recently by Hottenrott et al. (40) in 1974. They demonstrated 1 

t~at coronary drivlng pressure, and the vascular resistance are the main 

factors determining flow ta the myocardium. In the absence of coronary 

artery disease, the drlving pressure equals the aortie root pressure minus , 

the coronary. sinus pressure (zero ln the vented heart). Resistance to 

:s
ow, therefore, Is prlmarlly determlned by the vascular tone ln the 

i \ 

cor n~r~ arterie§, and by the compression ot these vessels by the surround-

ing yocardium. The tissue pressure whlch opposes flow, ls due to muscular 

\ 
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contraction of the myocardium. During diastole, the compression forçes 

are re<tuced, and flow to the myocardium occurs. With ventricular fib'-' 

t, , 
ri Ilation, the frequency of asynchronous contracti9ns is high and flow~ 

is impeded. Spasm of the coronary arteries, ind\Jced by a fibrillating 

~srimulus, may plày a role. In the hyperfrophied myocardium, these forces 

(~ompressive forces during systole Oy the surrounding myocardlum, due to 

ralsed intracavitary press~re, and due to myocardial edema) may becomé 

excessive, especial Iy ln the presence of left ventricular hypertrophy. 

Baird et al. (5) in 1971, working on dogs studied the effect 
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of Ideal ized ischemia on peak systol ic inframyocardial pressure. Ischemia 

to the myocardium was produced by tying off the coronary arterles at diffe-

rent levels. Local ized ischemia caused a fall in the intramyocardial 

pressure in the area. The intramyocardial pressure of the non-Ischemie 

myocardium of the left ventriele increased in relationship to the simul-

taneous l'y measured peak systo 1 1 c i ntraventr i cu 1 ar pressure. 

The effect of local epicardiectomy on intramyocardlal pressure 

Was studled by Baird et al. (6) in 1971. local epicardial resections were 
• 

performed in dogs with simultaneous measurement of the peak systol ic 

intramyoc,:!rdlal pressure. There was a 27 percent decrease in the intra,-

myocardi~1 pressure on the outer half of the denuded myocardium, c6mpared 
... 

Jwith a 17 percent decrease in the Inner half. They concluded that the 
• 

relation of myocardlal ~stollc pre$sure was not constant, but rather , 
varied wlth local manipulation. . , 
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Baird et al. (7) in 1970, used an indirect technique to 

measure intramyocardial tissue pressure. Oogs' hearts were exposed, 

and a segment of a collapsible blood vessel was passed through the 

myocardium at a given depth. This preparation wàS then perfused with 

1" t ~ '. 1 th Il sa Ine at a con roi led and slowly changlng pressure. n e norma y 

beating-working heart, there was a peak systol ie lntramyocardla) 

pressure gradient whieh went from a 'Iow level pressure near the epicardium 

to a high level pressure near the éndocardium. However, sven ln the 

deepe~~ area7 of the myocardium the peak systol le Intramyocardial pressure 

did not ~xeeed the Intr~-ve~tricular systol Ic pr~ssure. Theyeoncluded 

that dés~ite the compresslng action of the myocardisl tissue in ~ystole, 
\. 

some eoronary flow was provlded to the i~n!r. layers of the myocardium . 
.---' 

r , 
BaIrd et al. (8) in 1972, m~asured t,he peak systollc intra-

t \ - , 
myocardial pressure and myocardla1l';'oxygen consumptlon in dogs using. 

" 

different coronary perfusion pressures of 50, 100 a~d 150 mm Hg. These 

investlgators found that even when the intra-ventricular pressure was 

zero, there st 1 1 1 was a sys-t,o 1 1 c i ntra-ventr icu 1 ar grad 1 ent f rom the 

ep icard 1 um to the endocard 1 um.. 1 n the empty beatlng heart the systo Ile 

gradient frequently exceeded the coronary perfusion pressure. Myocardlal 

• performa~ce was a function of the leveÎ of the coronary artery pressure 

and flow. An Increase ln the systol le Intramyoeardial pressure Increased 

The oxygen consumptlon of the myocardium . 

• 
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Baird ét al. (9) in 1972, pointe9 out that even in the ~pty 

béating, non-working heart with a near z~o intra-ventr(Jular pressure 
i 

there was an intramyocardia1 pressure gradient from a )aw ~alue in the 

outer epicardial zones to a higher value in the inner endocardial areas. 
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These same investigators (5, 7) and Kirk et al. (47) already had demonstrated , 

the existence of this gradient in a normal working-beating heart. Baird 

et al. (9) were unable ta say whether this pressure g~adient was caused 

by the anatomlcal location ùf the myocardial flbers or by the functional, 

(contractl le) relationships of the fibers. Since rhis pressure gradient 

existed in a normal working heart as wei 1 as in an empty, non-working 

he~rt, thrs gradient cannot result from mural transmission of intra"" 

ventricular pressure but must be the result of the Inherent structure and 

function of the left ventricle. 

Buckbert et al. (15) i~71, created left ventricular hyper­

tension by supraval~ular' constrictioj of the aorta in fifteen anesthetized 

dogs and measured phasic flow in the coronary arteries with a flowmeter. 

Regional blood flow was determine~ with the use of radioactive micro-
, 

spheres 8 to 10 micra in diameter. The myocard ia 1 oxygen requirement' 

increased 161 percent wfth aortlc constriction. Although total left 

ventricular flow Increased 63 percent'there was a strlklng reductiQn of 

flow'to the i)ner ~reas. They concluded that the reductlon ln subendo­

cardial bl~ flow occurred because the high ventricular dlastol le pr~ssure 
Impeded blood flow. In addition, they observed that the systol le time 

w~s Increased wlth a concurrént reduetlon ln the diastoJ le tlme. 

j 
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DESCRIPTIVE ANALYSIS Of PULSATILE VS NON-PULSATILE BLOOO FLOW 
• 

Cardiopulmonary bypass procedures are done on a large scale 

uslng non-pulsatile blood flow techniques. Although pulsatile perfusion 

is thought to be superior to non-pulsati le, technical problems have 

prevented widespread cl inical use of the pulsat/le technique. We wish 

to revlew the physiologie advantages of pulsatile versus non-pulsatile 

perfusion. 
1 

Gesell et al. {25) ln 1913, perfused kldneys of dogs with 

pulsatl le and non-pulsatlle flows. They demonstrated that whi le renal 

flow was lndepen~ent of the magnitude of the pulse pressure, chlorlde, 

urea ançl nitrogeh content of t~e urine varied directly with the magn1itude 

of the pulse pressure. 

Good~er et ~I. (29) in 1951, demonstrated in~dogs that as long 

aS a constant mean arterlal pressure wàs maintalned, the excretion of 

water and electrolytes as wei 1 as the renal clearance of Inul in and para-

aminohippurate dld not vary with elther type of perfusion technique. 

Selkur-Jo (68) in 1951, and RItter (64) in 1952, perfused a 

dog's kldn,ey in situ' and demonstrated that changes in arterial pulse 

pressure al.one had no effect on renal blood flow. The renal vesselis 

showed prolonged and slgnfflcant autonomous variations ln resist~nce 

followlng abrupt changes in the arterlal pressure whlch were not d~e to 

36 

pulse pr.essure.' These studles and others (25, 29,64,68), lndlcated that 

the pulse pressure has no apparent role ln renal dynamics. 
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ln 1953, WesolowsKf 

of dog~ with pulsa~ile and non-pul ati e perfGsion. They noted that the 

lesser circulation of the lung maintalned adequat 

type of flow. However, in- the SYS~emiC ,ircul~tion, pulsa i le perfusion 

allowe-d maintenance of normal arter\lat bl d pressure even 

rep 1 acement was 1 ess than the b lood lost du i n'g surgery. 

perfusion caused a systemic hypoten~ion which did 

infusions of blood up to four times: the ~perati\e I,OSS. 

hypotension, however, responded to ~eosynephrine\~ydrOchloride 1nfusion. 

Later, in 1955, Wesolows i et al. (77) co~pared the e 

of pulsati le and non-pulsatlle perf sion in dogs and s~wed that res-, ~ 

. ) " 
pectlve of the type of flow used, bl od pressure, pump mi~te fl6w, nd 

, \ 
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blood volume remaÎned constant. ais in both groups, had ~ormal '" 

functlon 1 n9 card lovascu 1 ar. rena 1 and centra 1 nervou; systems ~~ct 1 v It\ 
during perfusion., Their experlmental data indicated that the total \. 

'-

perlpheraf vascular tone remained whof y unaltered during,non-pulsat~ 

perfusion of t~e systemic cl~culatlon. No perfused organs were damaged 

'\ wlth the non-pulsatile perfusion techniq e. 

Nakayama et al. (60) in 1963, ompâred the advahtages of 

pulsatlfe versus non-pulsatlfe perfusion dogs. In the animais perfused 

wl'th pulsatlle flow there was an excellent nous re~rn, a relatively 

nor~al and physiologie distribution of blood low, and better tolerance 

to h~ fl,o •• They estlmate<! that puIsat"e fJ w prolonged 'the safe 

\. . 
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perfusion time by 30 percent. In the same study, sevan patients 

undergoing CP~ were perfused wlth pulsat~le perfusion. Sig~ificantly, 

none of these patients required gravit y force for draining the venous 

return; and, too, no 'cardiotonic drugs needed to be used in the post-

38 
" 

operatlve period. There were no cases of post-perfusion syndrome. Post-

operative urine output was simi lar ta that after any major surgery. 

Mandelbaum et al. (53) ln 1965, studied the vascular response 

in dogs to pu 1 sat II e and non-pu 1 sat il e fi ow. The mean system i cres i stance 

during total CPS was'elevated in al~ animais durlng non-pulsati le perfu-
. .-~ 

sion. The mean systemic resistance increasedran average of 125 percent 

compared with that recorded with pulsati le plrfusion. Sllaterally 

nephrectomized dogs also experÎenced marked elevation in the mean systemic 

pressure during non-pulsatile perfusion. Followlng the admin.istration of 

atropine and,phenoxybenzamine hydrochloride, and denervation of the baro-

receptors, the systemic pressure in the non-pulsatile groups was 119 per-

cent of that assoclated with pulsatile perfusion. There was an increase 

ln the pulmonary vascular reslstance (127 pèrcent) in th~non-pulsatile 

group as compared wlth the pulsatile group. In the in vitro studles 

uslng plastiG tubings, pulsatile and non-pul~ati le perfu~lon produced 

equal mean pressure changes. 

Uslng myocardlal oxygen consumption as the prlmary Indlcator, 

Shepard et al. (69) ln 1969, studied the per.fusion of the capi Ilary clrcu-

latlon of the myocardlum. Mean oxygen consumptlon in thlrteen calves 

was 1 ~1 cc/m 1 n/m2 
1 n the non-pu 1 sat Il e group, compared to 126 cc/ml n/m2 

for'th~puisatile group. Mean values for venous blood oxygen saturations 

/ 
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were 58.6 ~ 8.3 percent for the non-pulsati le, and 40.6 + 8.2 for the 

pu 1 sat i 1 e group. Per i phera 1. res i stance in the non~pu 1 sat Ile group Ifas 

eight times that of the pulsatlle group. Catecholamine levels in bath 

groups were siml lar. They hypothetized that the differences in oxygen 

consumptlon between the two groups could be due to (1) d.istortion of the 
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tissues during pulsati le flow, which may act ta change the boundary layers 

of interstltial fluid around cell membrane and thus enhance diffusion; 

'(2) Iymphatic and Interstltial fluid flow during pulsatile flow may be 

enhanced; and (3) pulsati le energy may be required ta ensure that the 

normal percentage of the total number of arterioles in a vascular bed 

are open at any one tlme. , 

Trinkle et al. (73) in 1970, studied flfty consecutive patients 

undergolng alective bpen-heart surgery and randomly perfused them with 

• 
el'her the g~~dard roI 1er pump or the Heltoh-Pemco Pulsatl le pump. They 

summarized their results lndicatlng the fldv'antages of pulsatile over non-

pulsati le flow. There were fewer transfusions required during CPB wlth 

pulsatl le flow, and the v8scular resistance was lower. AddltlonallYi 

there"were higher arterlal pH and p02' lower lactate/pyruvate ratios, 

~ higher venous p02' smal 1er amounts of h~molysls, less defibrination and 

a ~mal 1er decl Ine in hematocrit during CPB"with pulsatile flow. 

Wakâbayashl et al. (75) in 1972, Investigated whether coronary 

flow rate or perfusion pressure should be monlfored during ventrlcular 

tlbrillatlon, and Wherher non-pulsatl le or pu~sati le flow W8S preferable 

durlng ventrlcular fibrillation. Flow-regulated coronary ar~éry perfusion 

' .... 

r. 
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was found ta be unsMe 1 n a fi brill at 1 ng heert. Th i s was found to be 

val id because the thebesian shunt is unpredictable during ventrlcular 

fibrillation and poor myocardial perfusion may occur.' On the other hand, 
. 

non-pulsatile perfusion of the coronary arterles resulted in a more 

variable thebeslan flow than dld pulsatlle perfusion. Furthermore, 

pulsatile caro~ary artery perfusion provldes a more stable coronary 

vascular reslstance than does non~pulsatile flow. Myocardial ~xygen 

consumpt i on i s l'nOre stab 1 e because of better t i.ssue perfus i on dur i ng 

pulsatlle flow as comparee) wlth non-pulsatile coronary perfusion. 
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CHAPTER Il: BASIC QUESTION 
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"DOES PULSATIb,f PERFUSION DURING . 

CAROIOPULMQNARY BYPASS HAVE A . 

BENEFICIAL EFFECT IN PROMOTING A 

MORE PHysioLOGIC OlsrRI6UTION OF 
\ 

BlOOD FLOW TO THE MYOCARD 1 UM7" 
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• CHAPTER III: DESIGN AND METHODOlOGY' 
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ln order to perform the expertment it was necessary to 

produce left ventricular hypertrophy in pigs. Supravalvular ~ortlc 

stenosis was surgiçal Iy created ln 30 young pigs which were al lowed 

to survive to adulthood (Figures 1 and'2). Cardiopulmonary bypass was 
~ 

instituted 16 weeks later, at which time ail of }he animais were found 

to have a significant degree of myocardial hypertrophy (Figure 3). Ail 
. 

éxperlmental conditions were malntained constant and the on/y varlab./es 

were the pump flow, the type of perfusion and the rhyfhm of the héart. 

Myocardial blood flow distribution was studied using the microsphere 

method. 

A. METHODOLOGY 

1. Creation of Left Ventrlcular Hypertrophy 

The Infant pig was Induced with 1-2 cc Sodium Thlopental, 

42 

50 mg/cc (Pentothal Sodium, Abbott LaboratDrles) via an ear vein, intubated 

~ith a pediatrie endotracheal tube (12) and connected ta a volume respi­

rator on 100% oxygen. Anesthesia was mainta1ned with Sodium Thiopental 

4 mg/cc, the animal belng "titrated" as to the depth of the anesthesià. 

No gas ane~thesla and/or paralyslng agents were given. A 7 cm Incision 
• 

was made ln the area of th. thlrd Interspaee, the pectoral Is muscle was 

spread ln the direct ibn of the fibres and the chest was entered wlth 

minimum bleeding. The rlbs were gently spread apart. The phrenlc nerve 

overlylng the perlc~rdium was' Identlfled ln arder ta avold ln jury. By 

Index ftpter~.~.~n,the~orta was identlfled. The thymus,overlying it 
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was mobil ized by shàrp dissectton with scissors Qnd the pericardium 

was entered directly over the aorta. Stay sutures were placed in the 

pe~4Fardiaf edges in order ta obtaln a good view of the aarta. Rather 

t~an incising the visceral pericardlum overlying the ascending arch, 

we used the transverse sinus route to encircle bath the aorta and the 

pulmonary artery, thereby avoiding serious bleedlng and trauma to these 

major vesse 1 s. We then di ssected a we 1 1 def, i t'led plane between the pu 1-

mènary artery and the aorta and withdrew the si Ik suture ellcircl rng the 

.pulmonary artery. The aorta alone was thus encireled. The cireumference 
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of the aorta was measured us i ng the same sil k suture. A dac ron gra ft ,\ 

1.5 cm wida, and one third le..55 ln length than the si Ik, was then 

secured ln place around the aorta. The graft ends were then sutured 

to each o~her and no sutures were placed in the vessel wall. 

A thr i licou 1 d be fe 1 t over the ascend 1 ng arch after the 

·banding. The pressure gradient measured ai this tlme was B to 15 mm Hg 

across-the stenotic segment. The pericardium was closed with two 

interrupted sutures. A small chest tube was left in place and removed 

when the pig was breathi~g on its own and there was no air leak. The 

rlbs were approxlmated with perl~ostal sutures. The pectoral Îs muscle 

• was approxlmated and the skin was closed .. 'Using an Ambu bag, .the' lungs 

were completély re-expanded and the trachea was suctioned wlth a 

pe'd 1 atrl c feed 1 n9 tube. 
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1 Chloramphenicol 12.5 mg/Kg/day was glven intramuscularly for 
1 

the flrst five days post-operatively and the animais were then al lowed 

to survive to adulthood.' 

2. Cardiopulmonary 8ypass in the Pig 

a) Anesthes i a 

At 16 weeks of age the banded animais were Induced and 

Intubated as ln the bandlng procedure above. Most of the hypertrophied 

pigs were in severe congestive heart fai lure and were very vulnerable 

to hypoxla. After gentle induction with Sodium Thlopental via an ear 

veln, the animai was immediatély tied on rts bacl<. while breathïng on , 
Its own. The mouth was held open by an assistant and the animal was 

th en 1 ntubatild. ,Anesthes i a dur i ng CP8 was ma 1 nta 1 nad wjth a Pentoth~ 1 

drip alone ln dose of 4 gm/500 cc of normal sai Ine. Morphine, 5 mg, 

Injected Into, the pump, was used during CPB. 
~ 

'b) Artetlal a~d Venous Cannulatlons 
Ali: 

44 

ln plg~ the ~~bclavlan artery i~ the best artery for i~fusion 
) 

becau5e the other arter 1 es âre 5ma Il and frag Ile.. Attempts 1 n cannu 1 at 1 n9 

the ascending ~ortic arch are u4ra'ly unrewarding as the vessel falls 

. ~P8tt. Ligation and cannulatlon of the proxl~al Innomlnate artery is 

undeslrablé as it leads ta cerebral death as both carotid and subclavlan 

, " , '"\, 

arterle~ derlve tram this vessel: 
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The animal was properly anesthetized, prepped and draped and 

heparinized. A smal 1 transverse incision ~hen made in the right 

neck. The subclavian artery was isolated and encircled with umbi lical 

tapes distally and proximal Iy. A smal 1 arteriotomy was performed and 
, " 

a la mm Morris aortic arch cannula was inserted into the vessel and 

secured in place with heavy si Ik ties. 

Due to the deep pos~tion of the major vessels in the chest . 

(Fig. 4), a bilateral thoracotomy, musc1e-spl itting incision was made 

tram bath axi 1 lae towards the second or third costochondral junctions. 

The heart and lungs were adherent to the left chest wall due to the 

previaus surgery. The left internai mammary artery was cannulated in 

order to measurê arterial pressures. A lower third sternotomy was then 

o performed. 

Fol lowing the initial banding procedures in these animais 

the thymus becomes enlarged and minimum amount of it was dissected to 

avoid bleeding. The pericardium overlying the r.rght atrial appendage was 

then opened. Two separate pursestrings of 3-0 si Ik were then placed 

anteriorly in Ithe right atrial appendage for individual cannulation. 

W i th ~ po j' nted kn i fe,. a sma 1 1 stab wound was made in the center of the 

purse5tring. Bleeding was control led with finger ~ressure. A 10 mm Bardex 

tube with side holes was then inserted into the atrium and the pursestring . , 
~ 

snared. The 5ame procedure was repeated for ·the second BardeX~be 

i~~erted into the right atrium. 
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.. e) D~eompression of the Ventricles 

, 
ln order to aV9id distension of the ventrieles, right 

• 
and left vents were inserted prior to CPS. A pursestring of 3-d'si Ik 

was placed in the wall 9f the ventricle, a stab wound was made with a 

sharp knife, the eannula was insert~d into the ventricular cavity and 

the pursestring was snared. 

d) The Azygous System 

80th azygous veins were tied off in order to measure 

eoronary artery blood flow, as the right azygous vein drains into the 

superior ven, cava and the hemiazyg~us into thè right atrium. 

e) Control of the Pulmonary Artery 
:;.) 

ln some pi~s control of the pulmonary arter~ was difficplt 

due to severe àdhesions between the pulmonary artery, the left atrial . . 
appendage and the aorta. For this reason, a vaseular clamp had to be 

used to cross-clamp that vessel as an alternative t'o encirel ing It \'Jith 

umbil ical tape. 

Figure 5 shows an overal 1 ~Iew of the cardiopulmo~ary bypas~ 

procedure during one of.our experiments . 

. 
f) Myocardial Temperature 

The intramyocardlal temperature, measured by a probe, was 

maintained at 37 degrees C throughout the experiments. • 
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g) Blcod Pressure Recordings 

E i ther the, interna 1 mammary artery or The femora 1 artery 

was used to measure blood pressures du~~g CPB. ,Pressures were recorded 

by a Sanborn recorder with the use of a Statham transducer. 
Ji 

hl Pume Prime 

Lactated Ringer'~ solu~ion (500 cc) with 500 cc of 6% 

Dextran 75 (Gentran 75 in 0.9% NaCI, Travenol Laboratories) was used 

for prlming the pump. Sodiùm Bicarbonate (NaHC03) 88 mEq and Potassium 

Chloride (KCI) 20 mEq were added to this solution. Prior to CPB the 

solution was warmed up to 37 degrees C. 

il Measurement of Coronary Slood Fiqw 

Coronary biood flow was measured by snarrng the superior 
, 

and the inferior vena cava, tying off both the azygous veins and snaring 
/t 

the pulmonary artèry (Fig. 6). The effluent of the right ventrlcular 

cavity was taken as the coronary blood flow" and was measured by col lect-

ing the sample in a cal ibrated cyl Inder for one minute. Multiple measu-
~ 

rements were made at regular intervals and the average of these measure-

ments was taken as the coronary blood flow for a given pump rate. 

8. DETERMINATION OF 8LOOD FLOW 

1. Radioactive Microsperes 

• 
Carbonlted tracer mlcrospheres (3M Company, Nuclear Products, .. 

St. Paul, Minnesota) were used te measure the distributIon of blood flow 

, --
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in the myocardium. These sRheres measured 15 + 5 micra in diameter and 

were label led wtth the fol lowing ,different gamma-emitting isoto~s: 

loctine ( 1 ) 125 

Cerium (Ce) 141 

, 85 
Strontium (Sr) 'l 

Niobium (Nb)95 

These microspheres had an absolute densi.ty of 1.3 gm/cc, in a suspension 

of 20% Dextran. 5% Tween - 80 (polioxyethylene sorbitan mono-oleatel was 

added to prtvent clum~ing of the spheres. The lowest average number of 

95 spheres injected was 44,000 for Nb ,and the highest was 969,000 for 

1125 . Prior to injection, the syringe was shaken for 10~inutes to 

allow for complete mixing and was then weighed. A single injection intû 

the arter'"ial line was th en carried out a5 clbSe to irhe pump as possible. , . 

The syringe was t~en reweighed and the amount injected accurately 
, 

determ 1 ned. 

~ a) Preparation of the Standard Solution 

The amount of radioactive counts InJected at each flow 

r~te was accurately determlned by comparing the amount of isotope inJected 

wlth a standard solution. This standard solution was prepared fram tbe 

same vial as t~e Isotope lnJected. The standard was counted at the 

same tlme as the other samples of the heart and contalned 0.1 microcuries 

of the iso~ope. 

... _______________ ~.,.e_ .... ~"" 
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ç. EXPERIMENTAL GROUPINGS 
• 

The anlmats'were divided into hree distinct groups of 

flv~ hypertr®phied pigs each: .. 
tI 

Group 1 Normal sinus rhythm (NSR) erfus~d with the 

roi 1er pump. 
Iq 

Group Il Ventricular fibri 1 lation (VF) pe used with 

the roi 1er pump. 

Group III Ventrlcular fibri 1 lation (VF) perfused with~ 

49 

J ~~ 
pu 1 sat VI e pu1np. 

ln each group, normothermic CPB ~as instituted and the highest 

flQW obtalned was maintalned for 90 minutes. At that tlme, pump flow 

wQs dec~ea5ed ln Increments 50 that there were four different pump flow5 

of 70, 50, 40 ard 20 cc/Kg/min. Each animal wa5 maintained at a given 

flow for 20 minutes. At each flow level, a different solution of micro-

sphere was injected. Ten minutes after Injection, that flow was changed 

ta a lower flow level. The total time on,CPB ~as 180 minutes. The 

heart was welghed at the end of the experiment. 

~~ PREPARATION OF THË MYOCARDIUM FOR RADIOACTIVE COUNTING 
<::::: . 

The-heart was cleared of fat and perlcardlum, the atria were 

removed, and the free wal l of the left and rlght ventrfcles were weighed. 

The Interventrlcular septum was welghed wlth the left véntrlcle (free 

wall welght ~ entlre heart - septum), Four semples of the free wa4 1 of 

the left ventrlcle and Interventrlcula~ septum were taken for ,wet-countlng 

'" 

• 
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t 
determ i nat ion. The heart was then fixed in buffered formaldehyde for • 
12 hours, which al lowed for easier handl ing of the tissue. The free wall 

of the 1 eft ventr le 1 e was then d iy i ded i nto three. 1 ayers of equa 1 th Iekness 

(epicardlum, midmyocardium and endocardiumJ and the interventricular septum 

was equal Iy divided into two layers (right and left). Each individual 

layer was then minced, dried at 37 degrees C for 48 hours and then weighed, 

and inserted into test tubes for radioactive counting. Each tube represented 

part of one layer. There were six tubes for each layer. The average of 

their èounts represented the counts/mln/gram of dry myocardium. 

E. CALCULATIONS 

The distribution of blood flow to the free wall of the left 

ventricle and interventriculàr septum was determined by the following 
" 

ratios: ... 
t 

1 ) counts/mi n/gram of dr):: ap 1 carpi um 
counts/mi n/gram of dry endocardlum , 

2) counts/ml n/gram of dri: right I~terventrlcular septum 
counts/mln/gram of dry left Interventrlc~lar septum 

Coronary artery resistance was determined by the ratio 

of aortlc root pressure divlded by the coronary artety ffow. Total body 

resistance was calculated from the aortic root pressure dlvided by the 

pump fIQ~. 

The percentage of the corGnary flow to each layer was 

ca' 1 cu 1 ated 1 n the fo 1 1 ow.1 ng way ~ 

) 
1 

, . 
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1 ) ~ounts/mln/gram of epi + mid + endo = total counts 

2) counts epicardium 
~ total counts 

,- Percentage ~f cou.nts to the ep i'card i um 

3) counts mid-m~ocardium = Percentage of counts to the mid-
tota l 'counts myocardium 

... -

/ 

4) counts endocardium = Percentage of counts to the ertdocard 1 um 
total counts 

Blood flow to each layer was then calculated by multiplying 

the parcentage of counts' in an individuat layer by the total measured 

coronary ftow. ·Therefore: 

1) Total blood flow ta the epicardium, = percent of counts 

epicardium times the 

total coronary flow 

2) Total blood flow to the mid-myocardium = percent of counts 

mid-myocardium times 

the total coronary flow .. 
.,;ifIIA 

3) Total b/ood flow to the endocardium = Percent of counts 

endocardlum tîmes ,total 

corona ry ft ow 

.' 
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An elaboratlon on the uSe of the pulsat~ le pump 1s 

presented because of the numerous technicaltproblems involved 

in its op~ration. 

.. 
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Ou~ing our experiments two different types of CPB pumps were 
,. 

used: the Sarns roi 1er pump and the Benfley pulsatile pump. Ont y the 

Bentley pulsati le pump wi 1 1 be described. 

f • THE OXYGENA TOR 

Bent 1 ey Temptro 1 ped i atr 1 c "bubb le"" oxygenators were used. 

Oxygen fi ow ranged f rom four ·to six 1 1 ters per minute. 

2. THE ARTERiAL CANNULAE 

A 10 mm Morris aortic arch cannula was used ln most of the 

experiments. This slze of cannura is necessary because of the large 

g~adlent of pressure created across the cannula with pulsati le flow. 

3. THE BENTLEY PULSATILE PUMP 

A portable unit was provided by the Bentfey Laboratorles (Fig. 7). 

The pump itself M5 powered byany inert compressed gas at a pressure of 50 

ta 125 lbs per square Inch (Pit>. Electrical power for the pump's electronic 

control system is provlded by four D-size batteries. The actual recording 

of the arterlal blood pressure before and during CPB using the pulsati le 
. 

pump Is shawn ln Figures 8 and 9. 

The dlsposable ventrlcle (Fig. 10) !s made of a th!n, tough, 

durable polyurethane wlth polycarbonate lntet· flttings which contain moulded 
. 

silicone rubber Inlet and outlet valves. The ventrlcte is made relativeiy 
" 

fntithrombogenlc by havlng unlform negatlve charges ln its Inner surface. 

" 

/ 
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The valves are made 50 as to al low undireetional laminar blood flow. 

These valves have negligible ope~lng and closing pressures and have a 

low pressure dlfferential during flow . 

The pump actuator and housing consist of an aluminum chamber 

contôining a working diaphragm ôctuated by an air cylinder. Pumping 

action i~ achieved when the diaphragm squee~es the ventricle inside the 

pump chamber. Stroke volume of the cyl inder can be varied from zero to 

100 cc per stroke. Stroke rate may also be varied from 20 ta 120 strokes 

per mirrute. The pul~atl le ventricle is capable of functioning at an 

average perfusion rate of zero to 6 1 iters per minute. This pump is 

n~~ a*positive displacement device but Its perfusion rate varies with 
1 

deman(L If the venous return decreases, the stroke ":01 ume will decrease 

and the perf~slon rate wi Il also decrease. If the arterial pr.essure 

Inerea5es, the time for systole will increase and the pulse rate and 

perfusion rate wi 1 1 decrease. 

4. DETERMINATION OF BlOOD FLOW 

1 n order to determ 1 ne fi ow rate' of the pump 1 a fi owmeter was 

inserted in the arterlal 1 Ine between the pump and the eannula beeause 

the pump does not contain a ftowmeter. 

5. THE USE OF AUTOTRANSFUSION 

.. 
Blood 1055 befo're CPB was negtlglble and blood lost prior and 

54 

dur 1 n9 CPB cou 1 d be suct i,oned r nto the oxygenator by a second ro 11er .pump. 

'i 
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* A blood fi Iter (400 mic~on pbre slze ) was inserted between the pump 

and the oxygenator in the suctlon device. Maintenance of adequate flow 

rates in these animais was made possible by do~or blood from another~ 

pi g. R J nger '5 1 actate was al 50 used to rep l,ace b lood 1 oss. Hematocr i ts 

were never below 17 percent at the end of CPB, with a mean value of 

19.3 ~ 2.1 percent. 

6" CONTROL OF HEART RHYTHM 

Ail of the hearts remained in normal sinus rhythm (NSR) after 

institution of CPS and had to be flbri 1 lated when desired. During CPS 

no heart in NSR went lnto ventrlcular fibrillation, however, the 

-
fibri 1 lating hearts, especlally the ones perfused with the pulsati le pump 

0, had to oe fibril lated once or twice durin9 the experiment, as they tended 

to revert to NSR. Fibrillation, when needed, was achieved with a' single 

AC-shoc k pu Ise. 

7. PROSLEMS WITH THE PULSATILE PUMP 

a) Size of the arterial cannula 

A 10 mm Morris aortl~ arch cannùla had to be used for the 

pu 1 sat i 1 e pump exper i ments. The arter 1 es of adu 1 t pi 9,5 were sma 1 1 and 

cannulaf''ion of these vessels was dlfflcult. Ir;l two cases, an 8 mm cannula 

had to be used ln arder to avold cannulation of the innominate artery. 

* Bentley laboratarles 

Il' 
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\ 
b) Pressures generated by the pump 

The gradient of pressures across the art,erial cannula at 

extremes were in the range of 440 mmHg, and varfed between 60 and 500 mmHg. 

The pump gene~ates a maximum pressure of 500 mmHg ln the arterlal 1 ine 

after which a safety device t~rns it off. Using an 8 mm cannula, the 

mean gradient across the cannula was 150 ~ 40 mmHg. Pressures between 

the oxygenator and the pulsatife pump ranged from -20 mmHg during fi 1 1 ing 

to +40 mmHg during closure of the ventricle valve. At thevena cav~ site 

with the pump about one meter below the pig's neart,. the pressure was in 

the range of -10 mmHg. Sucking of air inro the rlght ventricle at the 

vent site wa~ at t'imes a problem, creating minor air lacks in the venouS 

dra i nage 1 i ne. 

cl Aort i c root pressures ach i eved w i th the pu Isat i 1 e p,ump 

Severe vasodilatation accurred l'n the an"imals ~erfused with 

" the pulsatile pum~. Pres~ure recording in the ~ending aorta, without 
\ 

use of any vasoactive drugs, had highest values of 65 mmHg and lowest at 

35 mmHg. At that slte~ â nice pressure traclng (see 61~. 9) w~s seen 

ln ail cases. However, If the pressure recording was taken ln the femoral 

artery the pressure curve was slmllar ta one in the roi Jer pump. The 

effect of the pulsati le flow at the perlphery appeared to have been damped. 

d) Flows and pressures 

ln most of the cases, aprtlc pressur~ was Iqw wlth maximum 

puls8tlle pump flaw. This was of major concern to us during the experiment. 

Wlthout t~e use of vasaactfve drugs, we,were unable ta raise the arterial 

pr~ùre. The pu 1 sat Il e pump, when tested w i th norma 1 .sa 1 1 ne and us l, ng 

'-
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no cannu 1 a~, puts out f 10WE ; n 'th:, range read; n95. 
" l 

However,. when 't:es1oed with blooçVand'under/the same çonditj.6ns, flow 
/ . / 

\ . / , / 

above 5 1 iters c~ld not be obtqrned~erhaps due'to the viscosity of 

blood. Therefore, even though a9~C root pressur;és,were low, perfusion 

was in the range of 4.5 to S/tmin Md we CQU"d' not raise that perf .. usion 
~ / 
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/ 
due to i neb i 1 i ty of the j>ûmp ta cope with/that volume load in facé of the ~ 

/ 

/ ,. , 

severe per i phera 1 va,sud il atat ion. 
/ 

/ 
e) ~entricle (pump) proplyfus 

! 

Minjs~he bubble;; accumLJ~ated in the ven'tricles during recircula­
/ 

t i on in the oxygenatar-pump sy~em pl"" 1 or to bypass. 'n sp 1 te of efforts· 

to remove them, t~ey 'pers 1 stJ. 'to the end of CPB. Perhaps IIIhen one uses. , 
.1 ' 

néw ventricles, this Is noJl~ proble~,but we feel that air embolus in 

the arterial Ilne is a m;for proqlem. 

III three 

ptior to 

Leakln~ of the1e ventricles was a seco~d minor p'robl~m eneountered 

conseeutiv,e elles of our experiments. When testlng the ventricles 

bypass, by ~~culatlnk fluld with a partial Iy oçcluded outflow 

of the pUl'np, no 'eal< was observed,. H~~ever, soon after bypass, mi oor 

to severe leaks occurred neeessitatlng, in one case, a temporary sw}fch 
--' 

! 

to the roi 1er pump. When lea~age occurs, no matter ta what degree, it is ~ 

a serlous problem. The ventrlele lies in contact with the alr-drlven piston 

and damage,to the equ.lpment may occur. 

( 
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f) Pump flow determination 

Unfortunately, the pulsati le pump does not have a flowmeter. 

Trylng to calculate flow by stroke volume of the pump multipl led by the 

rate is inaccurate. For a given' reading of piston compl iance, the stroke 
~ " l ' 

1 

volume is not constant as it varies with venous return. Again, for a 
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, 1 , , 

given rate setting of the pump, one may tind that the pump rate is actual Iy 

30% off that reading. This is explained by the tact that as One, increases 

the rate, the pump i 5 unab 1 e to keep up w i th tn~ hi gh camp 1 i ance and 

therefore slows the rate. 

g} Pump rate vs heart rate 

, 
The pump rate ran9~S between 20 ta 120 puises/min according to 

specificQtions. However, tor high campi rances, pump rate above 60~70 pulses 

/m in 1 ead to 1 Qwer pump output., If one tried to further incr~ase pulses 
\ 

ta lOO/min, the pump remained at 70 to BD/min, unless compl iance was sig-
1 

nificantly decreased. ~~nother problem is that, normally, pigs' heart rate 

is around 130/mifli./ a ra'te we could never àchievè with the pump device. 

h) Emergency device 
, 

in case of power'fal lure (electric or gaseous), one can work the 

pump by using a crank. However, this crank case is locat~d on the back 
Jo 

1 
of the pump underneath the arterial outflow 1 ine. The motion of ~he crank 

i s' on 1 y IBO degrees 50 that one"has to perform a back and 'forth movement. 

We think that this safety device ought to be located elsewhere in the 

pump, away from the arterial or venous 1 Ines', and it ought to have 360 degrees 
~ 

motion to work properly. 
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The fol lowing data demonstrates that thè experimental 

mode 1 produced the require~ left ventricular hypertrophy in ail 

groups. 
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1. HEART WEIGHT IN ALL GROUPS 

Heart weights in the three experimental groups are shawn in 
• , 

Table 1 and Grap~'A. The data dernonstrate that myocardial hypertrophy 

was achieved ta th~ same degree in these th~e groups of animais. Normal 
Iii _ ~J. '" 

animais had a mean h~a~t ~eight of 210.~ ~ 3.9* grams, as"compared to 

457 ~ 8.7 grams for NSR roller, 370.0 + 10:2 grams for VF roi 1er and 

384.0 + 9.1 grams for Vf p~lsatl le. This differenée was statistical Iy 

significant by an analysis of v~riance. 

2. DEGREE OF LEFT VENTRICULAR HYPERT~OPHY 

An important variable during the experiment was the degree of 

lef·t ventricular hypertrophy .. This was determi,ned by the ratio of left 

ventricle wejg~/body weight (Table Il). The groups were homogenous as 

can be seen by the ratios of 6~58 + 1.07** for NSR roi 1er, 7.01 + D.Ao 

for VF roi 1er and 7.23 ~ 1.20 for VF pulsati le. Thére was no significant 

difference in thes~three groups of animais (analy.sis of variance). 
y 

When comparee ta control, normal animais, wit-h a left ventr.içle/body 
J 

.weig~t ratio of 3.95 ~ 0.98, Hat difference was significant,. 

* standard error of the'mea,n 

** Standard deviation' 

, 
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, 
RESULTS ~STUDY OF MYOCARDIAL 8LOOD FLOW 

,. Distributioll of blood flow to the free.wal'I of the left ventriclé 

The distribution of blood flow to the free wall of the left 

ventr ici e was detertn i ned ,by the re 1 at i ve counts of the mi crospheres in 
t • 

each layer. Ta~le III and Graph F show this distributIon as the ratio 

of epicardial blood flow/endocardial blood flow. 

Af high nows of 70,cc/min/Kg there was no significant difference* 

between the three groups, However, ~s flows decl~ned from 70 cc/min/Kg 

to 20 cc/min/Kg, the epicardium/endocard"ium ratio,s changed from,I.47 :!::.O.12 

to 4.~2 !.O.52 for NSR roi 1er, 1.42 + 0.07 to 7:18 ~ 1.67 for VF roi 1er, 

and 1.32 + 0.09 to Il.49 ! 1.81 for VF pulsati le. 

The a~unt of blood flow in cc/min to each layer of the myocardium 

is shown on Grkph 8. At high perfusion of 70 cc/min/Kg bath the epicardium 

and the endocardlum are wei 1 perfused, and rec)ived approximately the 

same amount of blood in aIl three groups. As the perfusion rate decraases 

the subendocardium of al ~ three groups is relatively underperfused as 

compared to the epicard'um. There was no difference in the amoûnt of blood 
t 

flowing to the endocar-dium of ail three groups. The eplcardium of the 
" 

fibrl (Iating hearts, however, received more blood flow as compared to the , 
NSR hearts. Presumably thls blood has been redlrected from the endocardlal 

arees t~ the epleardial areas of the tlbrl Ilating hearts, slnee endocardial 
~ 

blood flow was equal in ail three groups. 

* Analysls of varIance 

" 
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•• ~âlculated blood flow to each individual layer of the myocardium 

Tables IV, V and VI, and Graphs C, 0 and E, show the calculated 

distribution of blood flow ta each individual layer of the myocard'ium at 

high and low flows. Table IV snows that at high flows of 70 cc/min/Kg, 

37.4 percent 6f the total coronary flow went ta the ep}cardium and 

30.6 percent went to the endocardium of the NSR roi lér group. As pump • • 
flows dropped ta 20 cc/min/K~, however, 46.8 percent of the flow went 

to the epicardium as compared to 13.3 percent to the endocardium. 

Although thls refle~ts a rather large epicardtum/endocardium ratio, it 

is of interest to note that a greater percentage of the total flow 

" 
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actually went to the epicardium. In other words, the epicardium/endocardium 
~ .,. ,( 

ratio is high not only because of less endocardial flow but also because 

of a lar~er epicardial flow. 

Table IV shows the calculated distribution of blood flow to the 

myocardium of the VF roi 1er grlltu~. At high, flow rates of 70 cc/m'in/I<g, 

38.0 percent 6f the total coronary flow went to the epicardium and 21.4 

percent to 'the endocardium: As the perfusion pressure dropped to 20 cc/min/Kg, 

50.8 percent of the total flO~ jerfuSed the epicardium and only 7.2 percent 

perfused the endocardium. 

1 

~ group. 

Tabl€ VI shows the calculated blood flow to the VF pulsati le 
# 

, 
At hlgh flows of 70 cc/min/Kg 36.4 percent of the coronary flow 

\ 

per~used the epica~dlum and 24.4 percent perfuséd the endocardium. At 
J 

• 

J 
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perfusion rate of 20 cc/min/Kg, 45.2 pe'rcent of the coronary flow went 

to the epicardium and only 1.7 percent perfused the endocardlum. A? ~n 
1 1 _ ' 
~he VF roi I~r ~ump group, blood was redistributed to the epicardium at 

pump fi ows. 

Graphs C and E demonstrate the distribution of myocardial blood 
. 

low at flow rates of 70 cc/min/Kg. As can be seen, there is no diffe-

. -
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rence between the three groups. One should observe that the mid-myocardium 

of the VF groups is re1atively overperfused as compared to the. NSR group. , 
However, the subendocardium of ail three groups are markedly underperfused 

at l.ow flow rates (Graph D and D, with a large proportion 'of the blood 
~ 

flow\being redi~ected to the eplcardi~m. 

5. ~istributlon of blood flow to the interventricular septum 
\l 

Simi larly, the interventricular blood flow distributi~n was 

determined by the ratio of .right interventrlc~la~ sept~m/left interventrl-

cular septum blood flow (Table fi 1). The interventricular septum behaved 

in a similar mBnner as the free wall of the left ventricle. At high flows 

of 70 cc/min/Kg, the ri~ht and the left septa were equal Iy perfused. As 

tlows declined trom 70 ta 20 cc/min/Kg, however, the ra~lo df rtght 

interventricular septum/left lnterventrlcular septum also changed fram 

1.31 !. 0.18 to 2.61 ±. 0.43- for NSR roller, 3.52 + 1.31 to 20.73 + 10.73 for 
~/ 

VF roller, a.nd 2.72 + 1.5l to 15.11 + 9:38 for VF pulsatlle. 

• 
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~. Aortie pressure vs P4mp flow 

Table VIII and Gropp G show the relationship of aortic root 

pressures a~d pvmp flows. Aortic pressures were high durin~ maximum 

perfusion rates, and were low when the perfusion pressure decreased. 

The drop in blood pcessure I~ the 'VF pulsati le group was much less then 

in the other., two groups. At hlgh pump flows of 70 cc/min/Kg aortie root 

pressures were 72.0 t 10.6 fQr NSR roi 1er, 66.60 ~ 4.90 for VF roi 1er, 

and 43.6 ~ 4.80 for VF pulsatl le. The pulsati le group had the lowest 

pressures alth~ugh flows w~re adequately high, meaning that the ~nimals 

were severel1 vasodi lated. 

1. Coronary artery f low 

The relationship of coronary blood flow and pump flow rate is 

shown in Table IX and Graph H. At hlgh flows of 70 cc/min/Kg, the flbr"o-' 

1 at i n9 hearts had the t\ i ghest coronary b lodd fi ows w 1 th mean va 1 ues of 

105.0.:!:. 7.0 for VF roller, and 102.0.:!:. 6.4 for VF pulsatile. In contrast, 

the NSR roi 1er group had the lowest coronary perfusion rate with mean 

values of 80.2 + 4.7. The same relatlonship was maintaired at low pump 

t lows. 

8- Coronary artery reslstance 

At hlgh flows c~(onary artery resistance was lowest for the VF 

* 
l 

roi 1er group with mean values of 0.61 ~ 0.08, as compared to 0.68.:!:. 0.08 

for VF pulsatl"le, and 1.02 .:!:. 0.25 for NSR raller <Table Xl. The same 

relatlonsh~p was malntained at low flow rates. 

* PRU 

'1 
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9. Total body resistance 

8eCBuse total body resistance played an important role in the 

experiment especially during pulsati/e perfusion, determination of total , 
perillheral retistance was carried out <Table XI). At hlgh tIOVlS, the 

VF pulsati le group had the /owest total body resistance with mejHl values 

of 0.73.:t. 0.08 PRU, as compared ta 0.87 + 0.21 PRtj for VF roi 1er and 

1.18 + 0.13 PRU for NSR roller. At low floVls, however, VF rol/er had 

the lowest values at 0.86 + 0.25 PRU, followed by the VF pulsatile at 

1.25 + 0.22 PRU and NSR roi 1er at 1.47 + 0.30 PRU. 
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The object of this study was to determine whether pulsati le 

perfusion had any beneficial effect in promoting a normal distribution 

of blood flow across the myocardium during cardiopulmonary bypass. 

• 
The model chosen for study was the pig heart which had been 

hypertrophied by means of supravalvuJar aortic stenosis. 

It has been previously noted that myocardial hypertrophy and 

ventricular fibrillation were important predisposing factors which 

resulted ln isehemia to the subendoeardium during CPB (14, lB, 36,41, 59, 

71), This Ischemie proeess culm'nated in a weil known cl lntcal entity 

known as coneentrie hemorrhagic necro~15 of the myoëardium (59). Con-

cent,le hemorrhagie necrosis of the myocard1um lead to inabi 1 ity of the 

heart to support the c·i rcu 1 at ion at the end of CPS. Even if the pat i ent 

survlved with the aid of cardiotonic drugs, the resulting low-outpu~­

syndrome, whlch invariably occurred early post-operatlvely, often resulted .' ln death. It was this early or late post-operative death whieh eontinued 

66 

to pose a problem for the cardiac surgeon. Concentric hemorrhagic neèrosis 
~ 

of~he myocardium lay at the crux of this problem. 

At the Royal Victoria Hospital coneentric hemorrhagic necrosis 

had occurred excJusively ln patlents.with left ventricufar hypertrophy 

due to aortlc stenosis who had undergone tps procedures. However, there 

has been a decrease ln the incidence of thls lesion du~ing racent years 

(1973 and 1974). It may w~1I be that~~rln~ CPS" procedures, ischemia 

was now occurrlng less frequently. Thêre unfortunately was no good data 
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ta either disprov~or substantiafe these f~ndings. Additionally, overal 1 

results may be better solèly because of better selection of patients who 

were younger i-n age with a healthier myocardium. Recently, severa 1 

factors have contrlbuted to greater safety ln bypass surger~, such as, 

the use of the intra-aortic bal loon counter-pulsation devices ln hlgh 

risk patients, the use of cold sai ine to cool the heart, better anesthesia, 

and the prevention of post-ôperativ~ertension. Final Iy, the malnte-
/' 

,,' 
nance of high pump flows and 'gh perfusion pressures are deem~d essential 

in CP~ procedures (10) We now recognlze that concentric hemorrhagié 

necras i's of the ocardium is prlmari IV due ta ischemia to the ~nner areas 

of the en eardium. Sy maintainlng the pe~rusion pressure at high levels 
/' 

w~,~ mlnimize thls endocardial ischemia proeess. 

Indueed ventricular fibrillation has been used ta produce a 

quiet operatlve field. Awareness of the dèleterlous effect of ventricular 

fibrillation on the redistribution of blood flow awav from the endocardium 

has been bor~ out in several a~~~1 and human ~tudies (II, 37, 38, 39, 40, 

62). The fibri 1 latlng current is immediately turned off once ventriculer 

fibrillation is induee.d, as it has been sho.wn ta be very harmful bV 

causing spasm of the corOnary artery (40) and redistribution of blOod flow 

awav from the inner myoGardium (39), Allawing the heart to beat spontaneously 

whl\e empty (9, 39) appears to be the most deslrable way to pres~rve the 

endocardlum ln hi~h r~sk patients wlth hypertrophied hearts. 

l' 
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ln recent years a renewal of interest in the myocardial tissue 

pressure (43) ha~ come about in an attempt to batter understand the 

~emodynamics of the cor6na~y circulation during CPB procedures. The 

Inherent intramyocardial tissue pressure of the normal ly béatlng heart 

has been studied (B, 7, 8, 9, 43, 47) and compared to the unphysiologi~ 

conditions encountered in the operating room. Some of the factors 

considered have been the following: loc,al eplcardiectomy (6), decrease 

in coronary artery perfusion (S), increased Inttacavitary pressure (1, 

38) and ventricular fibrillation (11,37,39,40). The role of myocardial , 

~S 

1 cel 1 edema (40) as a compressive force impeding blood flow has been recently 

brought to 1 ight and wi 1 1 certainly be a subject of much further discussion 

and research in the future. Myocardial blood flow in systole has been 
1 

shown to occur (2, 7, 7S) and appears to be primari Iy directed ta the 

epicardial areas (24). Loss of thls phasic flow may be imporfant in 

causing ischemia to the endàcardlum, especial Iy if there is compensatory 

vasodilatation or constriction of the d~fferent areas of the myoc~rdium 

during s4'stole and diastole. If the systol ic auto-regulation is related 

to and depends upon diastolic auto-regulation, absence of either during 

ventrlcular fibri 1 lation could cause abnormal regulation of the vascular 

tone and thus lead to abnormal distribution of blood flow. 

Ventricular distension due to raised intraventrlcular cavitary 
1 

pressure may occur during CPS ard has been shown ta be harmful to th~ 

endocardium (l, 7,38). Awareness of this phenomenon lead to the de-

compression of ventricle during cardlopulmonary bypass procedures. , 
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Although mos~ the CPB procedures in North America are do ne 

using non-pulsati le perfusion techniques, pulsati le perfusion is simply 
. 

more physiologie. Despite the prove(]'~fety, rel iabi 1 ity and sirnpl iclty 

of non-pulsatile perfusion severa 1 investigators have used pulsatile 

perfusion in animais (25,29,53,60,68,75,76,77) and humans (UO; 73), 

and these investlgators have pointed out the benefieial 1ffects of pulsatile 

-
perfusion. 

It appears from our experiments that,the perfusion ràte is the 

major determinant of myoca~ blood ;Iow distribution durtng CPB: 

This is in agreement~ith the work'of Baird et al. (.10). At high pump 

rates 0: 70 cc/min/Kg both ~he eplcardium and the endocardium are wei 1 

perfused, irrespecfive of rhythm and without regard to the type of extra-
~ 

eorporeal systems used. However, as the perfusion rates decl ined from 

70 CI/min/Kg to 20 cc/min/Kg, ,the subendocardium is relatively under­
~ 

perfused ~.s compared t~ the epicardium.- Althou~h the endocar.dium in' the , 
NSR group .5 slightly better perfused at low pump rates, this difference, 

is not statistical Iy signifieant, as comp?reqto the fibril lating hearts. 

The epicardium of ail three groups i5 weil perfused at ail flow rates. 
{\ 'j 

As pump flow decl lnes, blood 1s redirected towards the epleardium. This 

was cl ear 1 y demonstrated in graph B, and tab 1 es 1 V, V and VI, thow i ng 

the actual coronary blood flow to each layer. Graph t demonstrates that 

the percent of blood flow to the epicardium actual Iy increased relative 

t, 
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to the endocardium, as pump flows decl ined. Therefore, the ratio ep,~endo 

per se does not really tell us what is happening to the blood \Iow dis­

tri but 1 on nor does i t def i ne the actua 1 d f Herent i al amount '~jf b lood fi ow 

to each layer. Flows to the midmyocardi~m had a simi lar pattern, as the 

.. ' 
epicardium. However, one should note that the m~dmyocardium received a 

, ~redter percentage of bldod flow than the epicardium in the flbri 1 lating 

hearts at high pump flow rètes. 

U "T AltjlOugh f"e pump flow rate was similar in ail three groups,.,.as 
'1 

determlned by a ffowmeter inserted' into the arterial 1 ine, the aortle root 

pressure and, fherefore, the perfusron pressure, wj§ not simi lar in ail 

three groups. As can be see~ in graph G, the VF pulsati le group had the 

lowest dortic perfusion pressures. This·was mostly due to the severe ,.. 

peripheral vasodi latation that occurred in ail animais perfused with the 

pulsati le pump. 
t... ' 

Blood flows to both the interventricuiar septum and the free 

wall of the left ventriele were simi lar. The left ventricular side of 

t~e septum was we) 1 perfused at high flows and Ischemie with low flows. 

Thls eould explain the anatomie distribution of the les ion seen in 

eoncentr i c hemorrhag i c necros i s wh !ch eharacter'i st 1 cdl 1 y. i nvo 1 ves the 

left slde of the septum. The etlologle rationale for the left side of 
, . 

the int,erventricular septum behaving differently in terms of perfusion 
') 

'" dynamics from its counterpôrt on the right, slde rema'ihs unexplained. 

.... 

. . 
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It is impgrtant to note that coronary artery blood flow is 

significantly 4Jligher in the fibri Ilating hearts. The graphs C and D 
o 

demonstrating blood flow to the individual layers of the myocardlum 

cl ear 1 y show that most of the excess fi ow 1 n the fi br i 1 1 at i ng groups 

went to the superficial layers. The endocardium remalned relatlvely 

underperfused. We po~tulate that there is less reslstance ln these 

surface vessels as ~ompared to th~ deeper areas, and therefore perfusion 

is enhanced in these more superficial vessels. 

Accordlngly, coronary vascular resistance had high values in 

the NSR groups and low values in the flbrl 1 lating hearts. VF roi 1er and 
t; 
" VF pulsatile groups h.§ld the samè calculated v<3scular reslstance. This 

data ,subst'antiates the work of others (30, 33, 47, 65) in which the heart 

action appeared to impede blood flow due to myocardial compression. 

Other investigators (53, 73) hav~ conflrmed that pulsatl le 

perfusion by wha~ever mechanism promoted more perlpheral vasodi latation. 

That non-pu 1 sat il e perfus; on appears to ra 1 se the vascu 1 ar res 1 stan'ce has 
, \', 

al 50 been corroborated 'by the prey lous 1 nvest 1 gators (53, 73). 1 t 1 s of 

, .. 
1 nterest to specu 1 ate why par i phera 1 perfus i on 9Ppears to' be marked 1 y \ 

lmproved by pulsatl le perfusion whereas pùtsati le and non-pulsati le 
.. 
techniques ~ave simi lar coronary perfusion. 

~ .. 

An Im~octant factor to be consldered ln our experiments Is that 
~ 

the flows ln ail groups were comparable. The perfusion pressures, on 
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the other hand, were diff~rent in ail three groups. This was due to 

the fact that the pulsati le group was severely vasodi lôted peripheral Iy 

and the systemic pressure could not be raised due to technical diffi-

culties. One can postulate that ideal Iy this ought to be the situation 

if the data is val id. Most of the i~vestigators at present agree that 

pressure 15 the important determinant of coronary flow (ID) and flow 

distribution. 

Wlth the present pulsatile device which is far from being 

ideal for human use, we have found no advantage in abandoning the con-

ventional ro 1 1 e-r pump. We' bel leve that to main}ain as high a flow as 

possible, irrespec-tlve of rhythm, is one of the most important fpctors 

in preventing ischemia. Although we agree that the hypertrophied 
\ 

fibril lating myocardium i s better off i f ail owed to beat spontaneously 

whi le belng operated uP9n, wlth high flow~ the subendocardi~m should be 

wei 1 perfused. As W8 learn more ~ the factors involved in myocardial 

blood flow dynamlcs during CPB, we wi Il hopeful I~ be able to prevent a 

les ion whlch, for the present time, pos~s a major threat to patl~nts 

undergolng cardiopulmonary bypass procedure: ischemia with resulting 

concentrlc hemorrhagic necr.osls of the myocardium. 
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The effects of pulsati le and non-pulsati le perfusions in thp 

distribution of blood flow to the myocardium during cardiopulmonary 

bypass was studied using radioactive microspheres. Pump tlpw rate 
, 

appeared to be the most important determlnant in promoting normal dis-

tribution of blood flow across the myocardial wall. At high perfusion 

trr~s 'the endocardium was weil perfused irrespecrive of rhythm ,and 'type 

of perfusion. However, at border 1 Ine low flow rates subendocardial 

ischemia developed in al' gr8ups but was more pronounced in the fibri 1 lat-
~ 

ing hearts. The de~terious effects of
l 

ventricular flbri Ilation on the 

myocardtum were not counteracted qy the use of a pulsati le pump. 
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TABLE 1 

HEART WEIGHTS 

Welght (gm.) 

Group NSR Roll er 457.0 + 8:7.* 

Group' " VF Raller 370.0 + 10.2 

Group 11'1 VF Pul satlle 384.0 ± 9.1 

Control (norrna 1 hearts) 210.0 + 3.9 

* Standard error of the mean 
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TABLE l' 

LE FT VENTRICULAR HYPERTROPHY 

left Ventricle Welght/Heart Welght 

Group NSR Roi 1er 6.58 :.. 1.07* 

Group Il VF Raller 7.01.:,,0.8 

Group III VF Pulsatî le 7.23 + 1.2 

. 
Control (normal animais) 3.95 ±. 0.98 

'* Standard deviatlon 
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• - TABLE III 

THE DISTRIBUTION OF-BLOOD FLOW TO THE FREE WALL OF THE LEFT VENTRICLE 

EPICAROIAL/ENDOCARDIAL· RATIO 

Pump Flow (cc/Kg/min) 70 50 40 ... ~; 

Group NSR Roi 1er 1.47 + 0.12* 2.14 + 0.15- 4.85 + 0.88 

Group Il VF Roller 1.42 + 0.07 3.71 + 0.72 4.03 + 0.51 .. 
Group Iii VF Pu 1 sat i 1 e 1.32 + 0.09 3.77 + 0.53 8.55 + 1.60 .. 
* Standard error or the mean 

./ 
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4.22 + 0:52 

7.18 + 1.67 

Il.49 + 1.81 
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'TABLE IV , 

CAlCULATED BLOOD FLOW IN THE NSR'RÔLLER GROUP 

Pump Flow (cc/Kg/min) 

• J 

Percent of total coronary flow ($) 
Epicardlum 

Mean flow (cc/min) 

Percent of total caronary flow <%) 

MI d myocard 1 um 

Mean flow (cc/min) 

Percent of total coronary f40w (%~ 
~ .. .,... ... 

Endocardlum 

Mean flow (cc/min) 

* Standard error of the mean 
~ 

J 
). 

~ 

r' 

• 

,'1 
\....' 

10 50 40 

37.4 +.0.8* 43.6 + 2.8 49.6 + 4.0 

·30.0 + 0.6 27_2 + 1.9 23.0 + 2.1 
• 

39 .• 0 :!. 2. a 34.0 + 3-.01 .37.5:!::. 4.8 

. 
27.0 + 2.0 21.0:!. 1.6 17.4 + 2.3 

30.6 + 4.8 21.8 + 2.8 12.8 + 2.1 - . 

24.0 + 2.9 13.0 4- .1.7 5.9· + 1.2 

.. 

~ 

_lfI!!Jlll,t''8L ••• P n t_~~·,t··- ~ - . - . , 

~ 

":. 
20 

46.8 + 3.8 

12.7·+ 1.9 

39:9 + 3.9 

". 

10.0i' 1.1 

13:3 + 0.4 

4.0 + 0.2 
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~ TABLE V 

CAlCULATED BlOOD FLOW IN THE VF ROllER GROUP 

P~p Flow (cc/Kg/min) 70 5i 40' 20 

. Ep Icard 1 um 
Percent of total coronary flow <S> 38 • 0 ±. -4 • 3 * 45~6 ±. 6.2 46.2 ±. 7.3 'l 50.8 + 5.8 

Mean flow (cc/min) 39.0 + 3.8 38.0:!: 5.7 31.0 +'5.9 25'.0 + 3.~ .. 
Percent of total coronary flow CS) 40.6 + 1.6 39.4 + 1.8 39.8 + 3.2 41.9±.2 .. 8 

Ml1:f myocard 1 um 
, Mean flow <cc/min) 42.6 ±. 1.3 3~.0 '+ 1.7 27.0 + 2.h 20.0 + 1.9 

.",---.. 

" 

~ 

Percent of total coronary flow <S> 21.4 + 4.2 14.0 + 4.1 14.0 + 4.5 7.2 + 3.6 
Endocardlum 

, -
Meen ftow (cc/min) '22.4 +- 3.8 Il.7+3.9 6.7 '+ 3.6 3.8 + 2.8 

/"' 

* 'Standard error dl the mean 

• 
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TABLE VI 
.... 

CAlCUlATEQ BlooO FLOW IN THE VF'PULSATtL~ GROUP 

, 
Pump Flow (cc/Kg/min) 70 

Percent of total coronary flow <S> 36.4 + 3.5* 
Epicardfum 

Mean flow (cc/min> . 37.0 + 3.3 

Percent of total coronary flow <%) 38.6 + 4.6 
Mid myoœrdlum 

Mean flow (cc/min) 39.0 + 2.9 

Percent of tota J coronary f , ow 'J> 24.4 + 4.0' 
Endocardlum 

Mean flow Ccc/min) 25.0 + 3.1 

" 

* Standard error of the- mean 

.. i 

." .0$. 1 L.'. • j' tt a ftW~ ,:-0:. ' ~;_>~'.Q.i.'~7 ~ 

50 

'47.6 + 7~2 

39.0 + 6.1 

36.0 + 5.3 

29.0 + 2.7 

15.8 + 5-.1 
.. 

13.0 + 4.7 

f 

40 

45.0 + 7.2 

24.0. + 3.6 

46.0 + 2.4 

24.8 + 2.1 

5.6 + 5.4 

" 2.9 -1- 0.9 

o 

-fi. 

20 

45.2 + 6.2 

18.0 + 3.1 

49.0 + 2.7 ' 

19.0 + 2.5 

4.4 + 5.4 

.- 1.7 + 0.3 
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TABLE 'VII • 

\ J THE DISTRIBUTION OF MYÇGARDIUM BLOOD FLOW TO THE INTERVENTRICULAR,SEPTUM (IVS) 

Pump.Flow (cc/Kg/min} 70 50 40 20 

..... 
Group NSR Rollèr 1 . 3 ~ + 0.09* , 2.08 :t. 0.17 2.97 + 0.37 2.61 + 0.26 

. Group 1 J VF Roi 1er 3.52 + 0.50 Il.66+3.6 15.67 + 4.73 20.73 + 5.9 

.. Group 1. j, VF Pu 1 saTI ~e 2.72 .:!: 0.73 8.31 .:!: 2.83' 13.30.:!: 4.7.1 15.11 + 4.64' ,. 

* ls-tan.dard errtr ot The mean 
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. TABLE ~ III 

~ 

MEA~AORTIC ROOT PRESSURES DUR1NG CARDIOPULMONARY BYPASS 

~~~'- AORTIC PRESSURES (MEAN) 

. . . . PumP'FIOW (cc/Kg/min) t 70 50 40 

.. ---- -

i 

Group 

Group Il 

Group III 

NSR Roll er 

VF Roller 

vf!" Pulsatl1e 

* Standard deviatlon 

-, 

---

72.0 + 10.6* 61.4 +'11.7 '34.8 + 7.8 

66.6 + 4.9 . . . 43.2 + 5.4 34.4 + 4.82 

43,6 ~ 4.8 35.2 + 5.8 39.0 + 8.5 , 

------- ~~--~.~.=~=== 

------

o 

.. 

20 

38.2 + 6.42 

28.0 + 3.39 

34.0 + 7.2 

.. 
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~~ 
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Pump Flow (cc/Kg/~in) 

Group NSR Roi 1er 

Group Il VF RoJ 1er 

Group III VF Pulsa"tlle 

. ~. 
\. 

" 
* Standard èrror of the mean 
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TABLE IX 
t 

'f 

]If 

CORONARY ARTERY BLOOD FLOW , 

- 70 50 

80.0 + 4.7* 62.4 +·3.0 

105.0 + 7.0 84.0 + 7.8 

.. 102.0 ±. 6of' 81 .6 ±. 6.2 

'" . -''i 

~ 

1 
,., 

40 

46.4 + 2.1 

"67.0 + 7.3 

51.8 ~ 4.0 

') --
l.. 

20 

27.4 !. 1.84 

52.0 + 7.1 

40.4 + 5.4 
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TABLE X 

- ~ 

CORONARY ARTERY RESISTANCE** 

Pump Flow (cç/Kg/mln) 

GrOlJp NSR Roi 1er 

Group tf VF R911er 

Group III V F Pu 1 sat i 1 e 

* 
** 

Stangard error'of the mean 

Peripher~J resistance units 

, 

p 

70 50 

1'.02 + 0.25* 0.97 + 0.23 

.." 
0.67 :t. 0.08 0.60 + 0.12 

0.68 + 0.D8 0.70 :t. 0.06 

'1' 
l~ 

f 

.0 

40 20 

J .31 + 0.22 - , 1 .47 + 0.3 

0.69 + 0.20 0.73 + 0.19 

jJ.77 + 0.10 1.04 + 0.24 
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P~p Flow (cc/Kg/min) 

Group NSR Roller 

Gro,:-,p 11 VF Roi rer 

Group ~ 1 r e VF Pulsati le 

*Standard error of the meafl 

**Peripheral resFstance unlt9 

ri' p .7 1 OH sm 1il_'iÈ_è';;K.~.~"jhlllk'J$.. , 

TABLE Xi 

BODY RESISTANCE** , 

70 50 

i .18 + 0.13* 0.97 + 0.23 

0.87 + 0.2/ 0.72 + 0.19 

0.73 + 0.08 O.72!..O.IO 

:~. "". If -0' t'C, t,,; 
... 

ru a $ g = a 1 sa, ; ; U i tU d 144 • 

• 

~ 

40 20 

-" . ~ . 
1.13 + 0.22 1 :'47 + 0.3 

/ '.' 

0.74 + 0.21 J 0.86 + 0.25 

1.08 + 0.20 1.25 t 0.22 

~: 
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