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PREFACE 

The experilmltal 1I01ic presented in this thesis vas carr.l.ad out in 

the Mc Gill UD:i.vel"Sity SU:rgical Researeh Clinic in The MoDireal General 

Hospital whlle the candidate vas tbe bolder of the John Mc Orae 

Fellowship in Experimental Su:rger.r at Mc Gill University. Fi œncial 

support vas also received frœ the Medical !esearch Counc:U of Canada. 

The basic plan for tb.:iB stuè9" vas formulated UDier the direction of 

Dr. B.J. Scott and Dr. F .N. Gurd, both of vh011 provided com.inœd advice 

and assistallce tbroughout; the year. Dr. R.F .P. CroDin gave ~ helpful 

. suggestioœ 1 particularly in relation to exper1mental metb.ods. 

It was a privUege to 1101'k vith Dr. Gustavo Bounous. His 'Vast lmœ­

ledge in the field of shoak was continuaJ..lT at 11\V' disposal1 and facil.ikted 

every aspect of this stuqr. 

Dr. A. Hope Mc Ardle modif:led the biochemicaJ. ass:.qs for use in this 

stU<\r. She al.so spent considerable t1me in editing the manœcript for 

this t~is. 

Miss Louise Ça,rpeatier catTied out the ted:l.ous biodlaD.ical. a.ssqa 

required in this stud.Y. 

Mr. David Hodges B .Sc., did &11 the histology and wu respoœible for 

taking &1l the photomicrogr&phs presented. Mr. H. Art.ima reproduced 

the gra.phs used in this thes:1a. 

Kr. Roger S8118on pravided :lnvaluable operative and tedudcal assistance 
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for each experiment. 

The superb operating faci.lities, the continuons co-operation and 

encouragement ot Mrs. A. Goggin R .N. and her staff were sinœrely appre­

ciated. 

I am indebted to Miss J.B. Williams for typing this thesis • 
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IN1RODUOTION 

'l'be concept of impaired II,JOC&rdial .f'unction in shock bas been 

SU8pect and a matter of debate for many years. 
(1) 

A French surgeon, LeDran as early as 1743, described a severe 

gnnshot wound, postulating that "spa81lodic contraction or the fibers or 

the heart," :may -play a role in the obsened syncope, or "interception or 

the stream of .Animal Spirits. • 
(2) 

Jordan made tœ dogmatic state•n:t in 1881: "W1 thout impaired 

cardiac action, shock is i:mpossible.• He attributed death to extreme con­

traction or the heart. He advocated external beat, transfusions and cardiac 

puncture. One appreciates som.e of the frustrations be must bave experienced 

in treating such patients, from bis statement: nto watch ard assist nature 

is our chief duty. • 
(3) 

Henderson in 1908 spoke or "cardiac tetan.us" in hellorrhagic 

or tramœ.tic shock. He described a slowly developing acapnia in shock 

with a resulting hJpertonicity or the œart. 'l'he hypertonicity or ventri-

cular action p:eTen:ted diastolic relaxation, which was in turn aggravated 

by a decreased venous return due to a failing venopressor mechanism. 

A vast aaoont of research bas been carried out in the field of 

shock since the turn or the century. This work was greatl.y stilllllated by 

the two gnJ&t wars. Earl.y in this century follolri.ng the work of Groenigen, 
(4) 

and Cri1e am others, considerable attention was given to the rolè tbat 

peripheral circulatQ1'7 failure pla;yed in both hemorrhagic and traumatic 

sbock. 
{5) 

Cannon' s classic treatise 1 fol1owing the First World war, 
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eontajned severa1 theories explajpi• the pathogeaesia of traumatic shoelr:. 

Some of these inel.uded: excessive vasoooœtrietioll, metabolic distu:rbances, 

fat embolisa, traumatie to.xem:l a and heart :t'silure.• 

!he most sign:if'icant developaents in the period betweea. the two World 
{6) {7)' 

Wars vas the work ot Parsons, Phem.ister and Blalodt • They dlalleDged 

Cannon1s b;ypothesis that muscle oosusion prodnced oncy- m:l.nor local flùd: 

loss. ThEV wre the firat to poiut out the importance o:t a d.ecreased 

effective circulatiJ:lg blood vol\liiiB in shock of 8f13' etiologr. It was this 

·wo:rk which establlshed witbout a doubt, the vaJ.ue of bœol.ogou blood 

transfu.sioDS 1n the treatmant ot shodt. 

The work of La:mson(S), Fi:œ(9) and Wiggera(lO) 1 cl.'ar:1.ng the sam.e period 

sen-ed to staDlard:lse the methode of stu~ hE1110ntaagic shodr:: ill the dog. 

It soca. became appa:reDI;, both in the ex:per.lmeDtal. laborato17, aDd 

on the hospital ward&, that atter a cri.tical pe:riod ot lqpotension, the 

use of II&Ssive trans.fu.siœ theraw failed to resucitate all cases of 

&bock. Tbe te:rm in"eversible shock appeared to describe this group, 

llhieh 1'&1.led to zeapoad to restoration ~ blood vol.œe al.oœ. 

Hal\r authors(ll) bave criticized the use ot the work 11shocklt as beiDg 

ill.-defiœd and lack:lng in prealaion. S:S.cma (
12

) has detellded the use 

ot this word with certain reservations. Be poiœs out tbat clear def.'ia­

ition and precision 'I1IIAY' not a.l.1rqs be possU>le in deseribiDg a COlllp].a 

phenomeaon as sbock, 1n 111ich ll&llT ot the UDderlying mecban:lsms are poorly 

UDIIlerstood. S:l.meoœ bt&s iœisted tbat the word 11dlock" can be use:Oü onll' 

it all agree that it descr.lbes a s;yDdrome wi th arv and varied etiolog:l.eal 

agents, whieh ultimatel.T resulta in an :lœdequate pertasion of tissues and. 
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organs. Moore bas emphaaized tbat the term •irrewrsible shoek" Est be 

reserved to describe the terminal circulatory decline which leads to a 

fatal outcome, follow:i.ng a critical period of controlled hypotension in a 

laboratary aniMal. He suggests that "refractory bJpotension" better des­

cribes the complex phe11011ena seen in hypotensive patients who fail to 

respond to replace•nt of blood volume alone. 

'l'he basis of al.JRost all inftstigatiœs in the field of shock has been 

concentrated on attempts to elucidate the pathogenesis of this failure to 

respond to transfusions and of the ultillate fatal outcome in this retractory 

group of patients. Every ph7siological system in the body bas been studied 

both at the organ and Qellular leval during vacying degrees of hypotension. 

AJ..most eveey organ S)'Btem has been incriminated as a contributor of irre­

versibility in hemorrhagic shock. Ck1ly the literature directly pertaining 

to myocardial function in hemorrhagic shock will be discussed in this in­

troductory review. 

Adequate circulation is the result of a delicate interpla:r between 

the heart, the circul.ating blood volule alli the statua of the peripheral 

vascular bed. Circulatory ho.meostasis is turther integrated by the vide 

ranging activities of the neuro-endocrine system wbich translllits humoral 

influences from al.l parts of the body". 
(14) 

Wiggers in 1946 suggested that a primary depression in m;rocardial 

function ma:r be a factor in irreversible hemorrhagic shock. He based this 

observation on extensive experimental studies on a large number of dogs, 

using a standardized hemorrhagic shock model. He monitared central venous 

pressure, •an arterial blood. pressure, intraventricular pressures, cardiac 
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output, and in:feri<r vena caval .f1ow during the various phases of shock 

induced by bleeding. The anilllals were bled over a short period to a 

mean arterial blocd pressure or 50 mm of Hg. This blocd pressure vas 

maintained for niœty minutes and then the blood pressure was lowered to 

30 • at Hg., for an additional period of forty-five minutes. 'l'his 

critical period of hypotension vas referred to as 11oligemic shock" and 

up to a certain lillit vas readily reversible by restcration of blood 

volume. The hJPQtension which developed in the period f'ollowing re­

infusion of blood vas termed ltnOl"JJI'f'olemic shock". The s;p:ndrome con­

sisting or the progressive circulatary decline wbich supervenes atter 

an effective ptriod of hypotension was· referred to as "irreversible 

hemorrhagic shock." 

The pericd of' oligemic shock vas characterized by low systolic and 

diastolic pressures, a small pulse pressure due to a low systolic dis­

charge, vhich, in turn, is secondary to a decreased venous retum. The 

vena caval flow vas noted to be lesa than 50.C of' normal, with a corres­

pond:Lng depression of central venous pressure. These changes could a1.l 

be attributed to a decreased blood volume. 

It was noted, shortly following infusion or all shed blood that vena 

ca val nows bad returned to nol'IIBl. levels, but that central venous pressures 

remaiœd above control values in 1110st cases. Heart size was noted to be 

grea ter tban control at this point. The strolœ volume and cardiac output 

were below control leTels in spite of an elevated effective f'illing 
(15,16) 

pressures. It vas upon these f'i.ndings that Wiggers and his colleagu.es 

postulated that :rayocardial depression may play an important role in the 
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fina1 circulator;y decline sean in irreversible bemorrhagic shoek. This 

"liev vas contrary to that of his contemporaries who felt that the pre­

dœdnant lesion was a generalized increase in capUlaey permability 

resulting in a contimdng loss of fiuids and colloids :f'rom the circulation. 
(17) 

The theories proposed to explain the capi 1 J ar;y lesions included ex-

cessive vasoconstriction, hypotension, ano:x:emia and to:x:elllia. 
(18) 

Kolùstaedt and Page combined cardio-oncœœtric and roentgenologic 

11easarements at heart size in hemorrhagic shoek in dogs. They demonstrated 

a de.tinite reduction in he art sise during the initial h3'Potensi ve phase 1 

but as the hJpotension persisted, venous pressure rose sharply. This vas 

followed by a progressive increase in beart size despite .turther bleeding. 

Strolœ volume deereased as dUatation of the heart progressed. In the. 

terminal phases of h1Potension, administration of plasma frequentl.y' pre­

cipitated circalator;y collapse and death. This ex:peri.Diental study eertainly 

suggested that a primary decrease in m,roeardial contraetility •7 follow 

hemorrhagic hypotens::t en. 
(19) 

Samof'.f et al while comparing the relative affects of intra-arterial and 

intra-venous infusion on coronary fiœ made incidental observations which 

suggested that an insufficient cor œar;y flow ma7 complicate termlnal be-
(20) 

morrhagic shock. case et al had previousl.y' described a progressive 

rise in left auricular pressures, lata in hemorrhagic shock, denoting a 

faUing m;roeardium. They postulatad an insufficient coronary fiœ as the 

etiologieal agent. Sarnott augmented lett corœary fiow in lata hemorrhagio 

shoek, by means of the Dale-Bohustar pump. This resulted in a pr0111pt de­

cline in left auricular pressures to normal levels. AtteJRpts vere made to 
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prevent arJT increase in blood volume during the perl.ods ot augmented 

coroDa17 perfusion. Tbe data presented in tbis paper str<mg:l.y ...aeated 

tbat left coronu.y flœ is deficient in lata hemormagic shock. The 

deficient coro1Ja17 flow was accompanied by a rise in 1aft atriaJ. pressures 

secoDdar,r to a decliœ in Jlt"'cardial contractUit;y. Sar.noff also pointed 

out that an augmentation of corœa17 flœ and reduction of left auricilJ.ar 

pressures in late hemorrhagic shock DIBl' be acCCIIIp]..isbed b,y oœ of the 

sympathomimstic am1œa {AramiDe). 

Galez and Bam:JJton{2l) recentq studied the respoœe ot bath a normal 

heart, and a beart subjealied to V&l'J'iDg periods of hypotalsion, to a 

massive iDf\lsion of blood via the left at.r:Lœ. The hearta which bad sus­

taiœd a period ot hypotension(mean arterial. blood pressure of 3)-. Hg.) far 

Dinety mimltes respcmded to the massive infUslon load of an inabili'tir to in­

crease cardiac wol'k in spite of large increasaa in left atrial. pressures. 

This incapacitr wu not evidant iDinediately follad.ng the period of ~ 

tension. The damage became more severe oœ or two hours follœing the hypo­

tensive episode, deapite ~ faali tbat the mean arterial blood pressu.r:-e was 

maintaiDed at lOO mm ot Hg. The control anima] s subjected to similar oper­

ative proceedures did. not show evideee of cardiac deterioration. ThEIIY were 

alwqs able to i:Dcreue the rate of cardiac 110rk throughout the intusion in 

the face of a relativel;r small rise in left atr.Lal. pressures. 

Hamilton presented this work as fu.rtber evidence that ~damage 

They' al.so 

pointed out the taat; that in the earl:y' stages tbese al. teratio:œ in 

JVocardial. coldiractiliv were maalœd. They' presented 
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the massive infusion test "'ia the lett. atriwa as a method. of evaluating 

the !unctional capacity or the heart. 
(22) 

Crowell and Guyton have carried out extensive etudies on J1170cardial 

function in irreversible hemorrhagic shock. They have centred tbeir 

attention on the transition period between reversible and irreversible 
(24) 

shock. Many investigations have shawn that there is a critical point, 

before which restaration of blood volume to the hypotensive aniul will 

lead to complete recovern and arter which restoration of blood volume 

leads to temporary restoration of blood. pressure, follœed by a progressi"te 

circulatary decline leading to death. The point at vhich an animal 

becœœs irreversible is largely dependent upon the duration and severity 

of bn>otension. Age, aex, species, and nutritional statua o! the animal 

have also been shawn to influence the t:i.Jie of onset of irreversibili t;y. 

Tœ point at which an anilllal becomes irreversible is characterized by 

losa of renexes, !ai1ure to require further anesthesia for operati ve 

pr'Ocedures and the spontaneous reinfusion of blood from the bleeding re­

servoir to maintain the hypotensive arterial blood pressure (30 • Hg). 
(22) 

Crowell and Guyton studied ax;ygen consumption, cardiac output, arterial 

blood pressure, right and lett atrial pressures during the transition 
(25) 

period. !rom reversible to irreversible shock. Previous etudies in their 

laboratory bad shawn that the law arterial blood pressures associated w1 th 

hemarrhagi.c hypotension vere not sufficient to transport adequate amounts 

of œcygen to the tissues. Thus at law blood pressures, the ox;ygen supply 

becomes now llmited, and an increase ar decrease in blood flow is re­

fiected by corresponding changes in o:x:ygen consumption. Crowell noted 
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that at the point or irreversibility tbe ax;ygen consumption remained 

constant indicating that the nutritive nœ to the tissues did not 

become altered at this stage through some f'ailure of' the vasomotor ar 

peripheral vascular system. They f'urtber demonstrated that with a 

constant blood viscosity 1 the car di ac output and tbe peripheral resist-

ance also remained constant, suggesting that no signif'icant changes have 

occurred in the peripberal circulation during the transition f'rom re­

versible to irreversible shock. In studies of heart f'unction, however, 

he noted a sligb.t rise in le.f't atrial pressures during this transition 

phase. 
(23) 

Crowell using the same experimental JDOdel in a .f'urtber group 

of' e:xperiments attempted to quantitate myocardial contractility by the 

tlSe at: "cardiac output curves" during the course of hemorrhagic hypo­

tension. A cardiac output curve vas mtained by ploliting cardiac output 

on the ordinate, and left atrial pressure on the abscissa of' an x-y 

recorder. He demonstrated that dogs bled to a mean arterial blood pressure 

of 30 mm or Hg., and beld at this level, showed a sligbt rise in le:rt 

atrial pressure arter 72 minutes of hypotension. 'l'he rise in atrial 

pressure was associated with an uptaie of blood .f'rœ the arterial. reser­

voir to maintain arterial pressure at .30 • of Hg. As hypotension pro­

gressed, le.tt atrial pressure increased am furtber blood was talœn bacle 

from the bleeding reservoir until terllinally the heart could not maintain 

this relati wly lON' bloo:i pressure in spite or higb a trial pressures. 

In tbe next group or aninals, all shed blood was reintused af'ter a period 

of 80 minutes or hypotension. He then transtused blood continuously in 
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order to maintain the pre-shock cardiac outpat. The lef't atrial pressures 

were steadil.y increased above control values in arder to maintain a sub-

normal cardiac outpat. Crowell bad thus dem.onstrated :myocardial hypo-

function, as, at a given atrial pressure the heart subjected to hem.orr-

hagic hypotension pum.ped less blood than a nCil"lllal heart. The findings 

suggested cardiac damage, along vith no significant change in oxygen 

consum.ption or peripheral circulation at the point of irreversibUit;y 

which prompted Crowell to malte the statem.ent tbat "pro gres si ve cardiac 

faUure is the cause or the declining arterial pressure in irreversible 

hem.orrbagic shock. 
(26) 

Rothe and Selkurt using a closed chest modal evaluated myocardial 

f'unction in hem.orrhagic shock, b;y the use of' ventricular f'unction curves. 

The;y concluded that there was a range of' severit;y of' hemorrbagic hypo-

tension accompanied b;y m.oderate, reversible cardiac depression, and peri-

pheral vascular damage, which, if' not campensated tor b;y extra transfusions, 

led to death from b1Potension secondary to an inadequate wnous return. 

The;y suggested that the decrease in cardiac filli.Dg, in the m.ajorit;y or 

cases is more important than prilllary RJ,Tocardial. f'ailure in the decliœ of' 

cardiac output leading to death. 
(27) 

Weidner 1 Roth and Simeœe studied the m;yocardial response to 

prolonged hem.orrhagic h)'l)otension, b;y the use or the Walton-Brodie strain 

gauge arch to m.easure alterations in the farce or JII1"0cardial contraction. 

The;y observed that the contractUe force of' the m.rocardiu.a remaiœd normal 

in the terminal phases or irreversible bem.orrbagic shock, despite a pro­

gressive decrease in arterial pressure as the animal dies. From these 
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findings, they concluded that failure of a previousl.y normal myocardiUJil 

does not play a role in the deterioration of the circulation and death 

following periods of hypotension. 

'l'here is cœ.siderable indirect evidence suggesting m,yocardial 

damage in hemcrrhagic and other forms ot shock which have been obtained 

from studies of E.C.G., JIITOCardial pathol.ogy, myocardial blood fiow and 

lll70cardial metabolism in helllorrhagic shock. 

Numerous studies of the els ctrocardiographic changes have been 

carried out both during and following ftl'ious shock produci.ng injuries. 

In a study of elsctrocardiograpbs from casualties in shock on the Italian 
(28) 

front, Burnett, Bland and BeeclBr ooseM'ed that diagnostic changes vere 

rare. These were all prev.Lously healtb7 JOUDg men. Izquieta and 
(29) 

Pastemack carried out a methodical series of electrocardiograms 

during the course of experimenta on irreversible hemorrhagic and ischellic 

compression shock in dogs. In hemorrhagic shock there was an early de-

pr'ession of the S-'l' segment of all leads of the electrocardiogram. 'l'be 

electrocardiogram in the majority of cases returned to normal. upon the 

replaceœnt of the withdrawn blood. Howe'Ver, bef ore arterial blood 

pressures be gan to fall auggesting irreversibili ty, the S-T displacement 

redeveloped am changes appeared in the T waves. They concluded that 

the electrocardiographie changes supported the concept that myocardial 
(30) 

changes develop in hemorrhagic shock. Kaster et al docu.nted a 

large series of elsctrocardiogroams on patients who had suffered vary.tng 

degrees of hellorrhage from many and varied causes. He was iapressed by 

the trequency with which hemorrhage caused and precipitated electrocardio-
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graphie changes suggesti w of corœ.ary insutficiency. These changes 

assumed more impcrtance in tbose patients with antecedent heart disease. 

The most colllllon changes seen were flat œ inYerted T waves, RS-T de-

pression am rarely combined RS-T and T wave changes. Baclœl and 
(31) 

Catchpole observed electrocardiographie evidence indicative of myo-

cardial is chemia and injuey in 48 of 74 dogs in hemorrhagic shock. 

They also noted that these changes were not imlraved by 1-norepinephrine 

infusions. 

There have been many gross and microscopie studies done on the 

myocardium in both humans and animal.s following a shock-producing injury. 
(32) 

Mylon first descr.Lbed heart lesions in dogs surviving tourniqœt 
(33) 

shock. Huleper ani Ichniowski noted simi.lar changes in animals sacri-
(34) 

ficed af'ter recavery .tral histami:œ induced shock. Mallory noted a 

fat vacuolization of the myocardium in humans who bad sutfered a shock-
(35) 

producing injury prier to death. Melcher and Walcott in 1950 

correlated the above findings with a detail.ed ~thologic&l study of JII70-

cardial lesions in dogs surviving shock produced by a lf'ariety of methods. 

They descr.Lbed a characteristic pathological picture in the myocardium. 

The most consistent early findings in the m;.yocardium of dogs vbich died 

!'olladng œmœrhagic s lx>ck, were subendocardial hemorrhages involving 

predominately th! papil.lary muscles of the left ventrlcle. T)le gross 

changes were JIOSt praninent in the left anterior and posterior papillaey 

muscles arrl in the mid-portion of the intenentricular septum. Similar 

changes were observed in the right 'Vent r.1. cl.e, but to a lesser degree. 

Scattered para-ccronary sub-epicardial hemorrhages have also been observed. 
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(31) 
Hacke1 has described minute petechial involving the mitral val'n!. 

Microscopie exam:Lnation showed the areas or hemarrhage lie immedia•ly 

be1ow the endocardium am f'requentl.7 invo1ved adjacent conducting fibres. 

The invo1ved cardiac 1111Sc1e shc:wed a losa of striations, a :more deeply 

eosinophilic eytoplasm and more darkl;r staining nuclei than surrounding 

cells. 

Gross examinatian of' animals surviving three to ten days after shock, 

revealed widel;r scattered ,el1owish-gre;r areas vith a si:milar subendocardial 

distribution in the trlJ'OC&rdium. A eut section of' the involved areas shc:wed 

a greasy surf'ace which tended to bulge a bave the surronnding cardiac tissue. 

Microscopie examination of' these areas nsing both hemat~lin-eosin and 

Sudan III stains revea1ed large amounts of' lipoid staining within indivi­

dnal lftllscls cells. The maximal aliounts of lipoid staining mterial wre 

seen between the third and tif'th day f'ollowing shock. Hematox;rlin-eosin 

stain of' these areas revealed JQ'OC&rdial f'ibres in varions phases of' ne-

crosis. This change vas associated vi th an inf'latii'!Jatory exudate consisting 

of large histiocytes, 1J11Phocytes, plasma cella and rare pol;plorphonuclear 

leucocytes. Ani:Jaals studied tif'teen to thirty days f'o1lowing shock re-

vealed lllin:ima1 fibrosis or scarring. 

Further evidence of cardiac im.pairment during he:morrhagic ll1Potension 

comas from detailed studies of myoeardia1 carbohFate Jllt'!t.abo1i•. Edwards 
(81) (82) 

et al, Hacke1 and Goodals have shawn that the m;yocardial extraction of' 

dextrose fran coronary arterial blood is impaired f'ollowing a period of 

eypotension. They have a1so demonstrated changes in JIToc&rdial lactate 

and pyruvate utilization dnring and following periods or hypotension • 
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It is even mare interesting that the metabolic changes which develop 

during hypotension are not eorrected by the restoration of myocardial 

circulation to normal or abave, by the use ar vasopressor drugs. It is 

still difficult to interp:ret metabolic alterations of the liJOCardium and 

to relate them to the concurrent functional statua ar the beart. 

There have been several recent detailed hemodynamic etudies ot 

patients in shock, who failed to respond to adequate replacement ot 
(1.3) (.36) 

blood volume alone. Moore , Ponka have used the term retractory 

hypotension to describe a small group of patients with hypotension who 

do not respond to the more eommonly employed rescusitative measures. 

From. all the clinical shock etudies, the:re emerges a group ar patients 

vith twPotension who are normovolemi.c vith a high central V8nous pressure 

and a lœ cardiac outpnt suggesti.ng 111700ardial failure. In the series 
(.37) 

reported by MacLean et al , m.ore tban 50% of the patients studied vere 

classified as having a cardiac deticiency. This group ar patients vere 
(.38) 

usually' elderly and the myocardial deficit vas frequentq maslced. Stabl 
(.39) 

and Lillehei bave suggested that a cardiac deficit is so common in the 

hypotensive patient tbat they have advocated the routine use of a cardiac 

glycoside in the elderly patient 1n shock. 

'l'here is theretore considerable evidEilce both in experinmtal ani:m.al.s 

and in man, tbat alterations in m.yocardial contractillty may contribute 

to irreversible or refractory shock. 

If heart failure played a role in irreversible hemorrhagic sbock, 

it is conceivable that either pharmacological or mechanical support ot the 

D~TOcardium might play a role in the treatment of retractory hypotension. 
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(75) 
HcPherson am Haller concluded that the use c€ oaabain did not correct, 

pre'ftnt ar signiticantl.y alter irreversible shock in the dog. Keyl and 
(76) 

North hœe'ftr1 demonstrated a decreased mortality rate using cardiac 
{22) 

glycosides in hemarrhagic shock. Crowell and Guyton showed that the 

use or ouabain did not influence the final .fatal outcome or hemorrhagic 

shock in tœ dog, but signif'icantly delayed tœ onset o.r iiTe'ftrsibUity. 

The pœsibility o.r supparting the beart in failure by mechanical 

mans has been proposed .far several Jears. The development c€ total heart 
{77) 

by'-pass as a usef'ul surglcal technique has permitted the cardiovascular 

surgeon to repair a wide range o.f congenital and aequired heart lesions. 
(78,79) 

The recent developaent or closed lett heart bypass has opened a new 

field in assisted circulation. Ie.ft heart bypass bas been shown to 

ef.fecti vel.y support a failing myocardi.um both clinically and in the ex­

perimental laboratary. A period o.f mechanical support to the myocardiUJR 

.following hemarrhagic shock eoul.d conceivably support systemic and coronary 

circulation, ani put the myocardium at rest while it recovered .frOJD its 

injury. 
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OBJECTIVES 

An attempt was thus made to study m;rocardial f'unction in hem.orrhagic 

shock, with the following objectives in llind: 

(1) Tœ study o.f m;rocardial .function during the various phases of 

hemorrhagic shock, using a model vhich would allov a quantitative ana~sis 

of m:yocardial. contractilit;r. 

(2) An attempt to elucida te the role of the tqocardium in the 

determination of irreversibilit;r following prolonged hemorrhagic hypo­

tension. 

(3) The study' of' changes in myocardial ~œtaboliSil during hemorrhagic 

shock and attempt to correlate these changes with alterations in myocardial. 

contractili ty. 

(4) An evaluation of the use of left heart bypass as a method of 

supporting the m;rocardium. in dogs subjected to prolonged heJIOI'rhagic hypo­

tension, with particular emphasis on the effect it may have on myocardial. 

metabollsm and contractilit;r • 
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Large- adUlt lllOl'lgrel dogs f'asted overnight and anesthetized with 

2S to 30 mgm/Kg. or sodium pentobarbital (Siegried S.A. Veterinaey) vere 

used in all experillents. Supplementary anesthetic was not required af'ter 

tha induction or bn>oteœiœ. The dogs were placed lett aide down on an 

operating table equipt:ed with a heatiDg element which was used periodic­

ally to maintain body temperature between 37° and 40°0. Heparin sodium 

(Organon Inc) was used as an anticoagulant in the dosage or 2.$ mgm/Kg. 

Each animal was intubated with a cuff'ed endotracbeal tube and a 

positive pressure ventilatar was used throughout the duration of' the 

experiment. A polyethtlene catheter {PE 330) was placed in each femoral 

arteey. The catheter in the r ight femoral a.rter;r was used to continuousl7 

record mean arterial blood pressure. The catheter in the lef't femoral 

artery was introduced 10 to 12 ems, mi used both to bleed the animal, 

and to œasure cardiac output. A polyethylene catheter {PE 280) vas 

placed in the right femoral vein, passed to tba junction of' the superior 

vena cava and right atrium and used to Jœasure central venous pressure. 

1'he position of' this catheter was verified at autopsy in each case. A 

s:l:milar sized catbater was placed in t:œ identical position 'Via the left 

femoral vein am used as an injectiœ site tor the cardio-green d,e. 

Stathaa aodel P23AO and P23BC strain gauge transducers vere used to 

m.onitc:r all pressures. The zero pressure responses of' the transducers 

vere checked periodically by opening 3-way stopcocks to the atmosphare. 
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Tle hydrostatic zero reference levels vere maintained constant during an 

e:x:periment. 

An electro-cardiogram, lead II was recorded ccntinuous11 via sub­

cutaneous electrodes. This vas used to calcula te pulse rate and to record 

electrocardiographie changes during the experilllent. 

A. SliBll right, antero-lateral tharacot;oJQ' was performed on each animal 

118.intaining strict hemostasis at au times. The pericardium vas opened 

parallel to the rigb.t phrenic nerve and a polyethy'leœ catœter (P.E 280) 

vas placed in the lett atrium via the atrial appendage to continuonsl7 

manitQr lett atrial pr-essure. The thoracic organs vere maintained vara 

and moiet throu.gb.out the experi.ment by' the use of varm saline soaked 

towels. 

A four channel.ed, ink vriting Grass recorder vas used to continuously 

monitor all indices throughout each experillent. 

Cardiac output vas measured by the indicatar dilution technique 

using indocyanine green (B;ynscn, Westcot;t and Duœing, Cardiogreen) and 

a cu:vette densitœœter (Giltord, modal 103-lR). A constant amount of' dye 

vas used fœ each detel"JJIination and injected via a catheter placed in 

the region of' the right atrita and superiar Tena can. Blood sa.mpling 

vas made from the le:f"t femoral artery. Blood vas witlxlrawn at 25 al/min 

vith a constant-rate vithdrawal e;rr:tnge. Immediateq atter each deter­

mination, the blood vas returned to the dog and the SJStem nushed vi th 

5 cc o:f" normal saline. The linearit7 of the densitometer -vas cbecked 

periodicalq throughout the course of these experimerrt;s. Calibration 

solutions vere made by dUuting a 1 ml. sample of 2.5 mgm/ml. dye vith 
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4 ml. of saline. This sol.ution vas f'urther dUuted l. to 1. Then b7 

adding .4 lÜ of saline or dilnted d;ye to 9.6 ml. of dogs blood calibration 

solutions vere obtained, containing 01 10, and 20 mgm/llter of' dye. The 

cardiac out put curves were recorded on a Texas ink wri ting recorder. The 

individual cardiac outputs vere calculated using the Stewart-Hamilton 

formula: 

6oi Cardiac Output • ~ (litera per minute) 

I • quantit7 of d;ye injected in lldlligrams 

T • d.uration of curve in seconds 

C • average concentration of dye in mg/liter during tim.e T. 

Tœ aminals in the first section of this experilnent vere subdivided 

into three groo.ps: 

Group I (l.O dogs)' after placemeut of abOYe Entioned catheters am 
electrodes, bad control values of all indices recc:rded. TboracotoiJT vith 

placement of left atrial catheter vas then performed, and fi:f'teen to 

twenty minutes all.owed for the animl.s to assume a •steady state•. Post 

thoracotom;y controls vere tben obtained. The mean arterial bl.ood pressure 
(8) 

vas then lowered to 30 mm of Hg by controlled hemorrhage us:ing a Lamson 

reservoir. The mean arterial blood pressure vas then maintained at 30 m 

of Hg., by raising or lowering the reservoir, untU 30% of the maximum 

bled volume vas spontaœously returned to the animal. This is a modification 
(9) 

of Fine 1 s standard method for prod.ucing irreversible hemorrbagic shock. 
(22,24,26) 

Most authors agree that this model uniformly leads to irreversible 

he:morrhagic shock. When 30% of the maximum bled vol.u• vas spœtaneously 

reinfused, the animal bad the remainder of' the bled volume i.nfused over a 
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fifteen to twent;r minute period.. At this point, the heparin effect vas 

neutralized us:lng protamine in a mgm per mgm dose of heparin. 'fhe 

animale were then monitored until deatb or sewre circulator;y depression 

bad occurred. Throughout bleeding and reinfusion, a continuons recording 

of central venous pressure, left atrial pressure, Jean arterial blood 

pressure, E.C.G. and pulse rate vas made. Cardiac output was measured 

at regular intervals during each exper:iment. A :micro-bematocrit was 

perfarmed at 1 hour int.ervals during the course of each experiment. 

Group II (6 dogs), un:ierwent exactly the same opera ti Ye procedures 

as in Group I. Identical pre and post thoracotODJy' values vere docUlllented 

and the animale vere bled to a mean arterial blood pressure of 30 mm of 

Hg. using the Lamson reservoir. Arter one hour of hypotension the anilllals 

were reinfused and then re-bled to 30 mm of Hg over a period of twent;r 

minutes. This procedure was repeated at approximately one hour intervals 

until the animal bad spontaneousl;r rein.fused 30..C of its initial maximal 

bled voluJe • All shed blood vas then returned to the animal and the 

heparin neutralized. Regular measurement of cardiovascular variables vere 

recorded as in Group I. The aniaals were then monitored until sewre 

circulator;y depression had supervened. 

Group III (5 dogs) underwent the same preparation as in Group I and II. 

The mean arterial blood pressure was lawered to 30 11111 of Hg., by bleeding 

us:lng the Lamson re•ervoir. It was held at this level for five minutes 

and then the shed blood was completely infused. Heparin was neutralized 

as abave. 'rte aDilllals vere then maintained in tœ norJiotensive state for 

a period or five bours. These dogs required rurtœr pentobarbital 



-20-

anesthesia at regular intervals. 'l'he animale vere then bled again to 

30 • at Hg, held at this level far five minutes and then eompletel;r re­

intused. The ani.mls were then saerifieed. This group or animals served 

as a type at double control on the operative procedures. 

An autops;r eonsisting of detailed gross exalldnation or the thoraeie 

and abdominal eavities vas earried oat at the ccnalusion or eaeh e:x:peri-

ment. Microscopie exa.m:i.nation or the myocardium and lunga vas done 

routinel;r. Selective microscopie exam:l.nation of other organs were per-

formed if indicated by' gross pathological observations. 

'l'he usual difficul ties encountered in the attempts to evaluate llyo-

cardial function in the intact animal are compoumed b;r the rapid series 

at changes which occur during this il'lV'estigation. Nearly 50 ;years ago 
(40) 

in his Linacre lecture on "the law of the heart" Starling presented 

the concept that the ultiJnate test of' tqOC&rdial function vas the relation 

or m;rocardial vark to effective filling pressures at any point in time. 

Hœever, Starling' s etudies were all carried out using a heart lung model 

llhich would not be applicable to this investigation using an intact animal. 
(41,42) 

Sarnoff and Berglum in 1953 studied Starling's law of the heart 

in animale vi th an intact circu1ation and described a ventricular function 

curve for each ventricle. Tœy suggested that a ventricular function 

curw could provide a good method to quantitate myocardial contractilit;r, 

as vell as to evaluate varions ph;rsiological and pharmacologl.cal inter-

ventions. Tœ relationship of' the extemal work produced by a wnt.ricle, 

to a range of effecti va filling pressures is termed a ventricular function 
(21,43) 

cu:rw. Many modifications of Sarnoff'' s original method bave appeared 
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Cr011ell used a cardiac output corTe (a plot o:t oardiac output against 

changes in right atrial. pressure) in &11 his recent investigations o:t 

J17ocardial. f'tmction. 

Ventricular :tunction curves can be used in the hemorrhagic shock 

aa:lel, as the graded bemorrhage and retrans:tusion provide step-Wise 

alterations in et.recti"'e :tilling pressures. 'l'heretore a ~odi:tication 

of Samo:t:t• s ventricular curves was employed, wterein le:tt ventricular 

stroke work per minute (le:tt ventrioular minute work) was platted against 

lef't atrial pressure at any given time. 

The lett ventricular stroke work in gram.-meters per stroke was 

calculated using the :formula: 

L VS W ( te /st lee) M.A.B.P. - L.A.P. S V 
• • • • gm m.e rs ro • lOO x • • 

wbere: 

L. V .s. W. • le:tt ventriàular stroke wcr k 

M.A.B.P. • mean arterial blood pressure 

L.A.P. • lef't atrial pressure 

s. V. • strolœ volume. 

Stroke volUDII!I was obtained .fr011 the equation: 

:s. v. (ml.) • c.o. 
J:'R. 

where: 

S • V. • strolœ volume 

c.o. • oardiac output (litera/min) 

P .R. • pulse rate. 

Total peripheral resistance {T.P.R.), expressed as 11111 Hg per liter/min 

was caloulated f'rom the man arterial blood pressure and !rom the cardiac 
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Jo correction vas •de tor central venons pressure in this measure-

ment. 

There is a considerable individual variation in canine cardiac out-
(h4) 

puts am arterial blood pr:-essures. In arder to compensate for this 

and to allow coçarison of a group of dogs, all resulta have been ex-

pressed as pereentage change from control values • 
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RESULTS 

The :mean c œtrol values which were calculated at the outset of each 

experiment are listed in table I. 

Table I 

Body weight 

Cardiac output 

Mean arterial blood pressure 

Central venous pressure (chest closed) 

Left atrial pressure (chest open) 

Pulse rate 

Hematocrit 

Group I (10 dogs) 

22 kg. 

4.01 litera/min. 

137 mm.Hg. 

1.3 mm Hg. 

5.1 mm Hg. 

136 per.min. 

43 mgm% 

The average duration or h)'Potension in this ~P of animals vas 

296 minutes. An average initial blood losa of 56 ml/kg was required to 

lower blood pressure to 30 1ml of Hg. The animals cœtinued to bleed into 

the Lamson reservoir over the next 40 minutes, despite a constant blood 

pr"essure o~ 30 mm of Hg. 'l'he maximum bled volume averaged 62 ml/kg and 

was usually reached within 45 minutes of induction of hypotension. 

'l'he animals in this group survi ved fr0111 2 to 18 hours following 

rei~usion of shed blood. The. majarity of a:niD&ls died within 4 hours 

or reinfusion. 
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20 ._.,._ -P' -
o ....._ ..... _ ...... _....._ __ uf· ..... _......__.__.......,_,___ 

Tlme (hrs.) 

llood Preuure • • 
Cardlac Output • ·----· 

* Figure 1 - point. •a• indicates the post. thoracotœv control values 
and the st.arting point for controlled stepwise bleeding. 

It can be eeen in figure 1 that the blood pressure dropped t.o 8~ 

of control values post thoracot<117. The blood pressure then dropped to 

23% of the control value and was maintaiœd at this level with the Lamson 

reservoir until 30% of the 1IBXiPiwn bled volum had spontaneously returned 

to the ani:Mal. The man arterial blood pressure reached 68% of control 

* The broken line s along the abscissa of. this graph and thœe to 
follow, are used to illustrate the tact that the duration of 
hypotension prior to reintusion varied from aniiiBl to animal. 
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values f'ollowing reinf'usion of' the remainder of' the shed blood. Blood 

pressure remained at this level far 15 to 30 l'llinutes, and th en declined 

progressively until death ensued. 

Cardiac output dropped to 89% of control values tollowing tharaco­

tom;y arxl then followed a pattern siDd.lar to that of uean arterial. blood 

pressure, falling to 14% of control during the early phases of hJpo­

tension. This stage was followed by an apparent decline in cardiac 

output as hypotension progressed. Cardiac output vas 12% of the control 

value immediately prior to reinf'usion of shed blood. This decline cannot 

be considered signif'icant in view of the exp9rienced ditficulties in 

accurately measuring cardiac output at very low nov rates. The cardiac 

output was restored to 66% of' control after reinfusion whereupon it soon 

declined rapidly and progressively. 
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Figure 2 - illustrates lert atrial pressure and central venoua pressure. 

The changes in lett atrial pl"essure dur.l.ng hemorrbagic shoek are 

seen in figure 2. It .feU during hypovol.ellia to 20% ot control values, 

remaini.ng at this level until the ani mal be gan to talee bacle blood 

spœtaneousl.7 trom tœ Lamson reservoir in arder to maintain this low 

arterial blood pressure. Ooincident with the onset ot spontaneous re­

inf'usion o.r blood, there vas a small but detinite rise in lef't atrial 

pressure in most dogs. Just prior to reinf'ueion, when 30% spontaneœs 

reint'usion had taken place, lett atrial pressures had reached 29% o:t 

control values. W'ith rein.fusion of shed blood, lett atrial pressures 

rose considerably above control values, reaching an average of 151!% of 
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control. In the period 30 to 90 minutes tollowing reintusion, the lett 

atrial pressure declined graduall;y, but in onl;y 2 or the 10 doge did it 

drop belœ pre-hemcrrbage controls. Terminall;y, the lett atrial pressure 

reached extremel;y high values (184% ot control). In some ard.al.s, left 

atrial pressures reached higher values than systemic arterial pressures 

terminall;y. 

The central venous pressure, as seen in figure 2, tell with bleed­

ing to 39% ot control. This level vas maintained until reintusion, vbln 

central venous pressure rose to a higher value than that or the control, 

reaching 114%, vith complete reintusion the central Tenous pressure vas 

maintained at or slightl;y above control Talues although a sbarp rise 

occurred terminall;y. The alterations in central venous pressure 

appeared to lag behind simi.lar changes in lett atrial pressures. 

1 Pulse Rate 
,.control 

121'' 

lM 

Il 

• 
41 

Zl 

1 

1 

Time(hn.) 

Pigure 3 
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The he art rate increased rapidly- to 120% of control (Figure 3) 

following the induction of hemarrhagic shock. It began to decline just 

priar to reinfusion. When all shed blood had been returned to the animal, 

the pulse rate averaged 70% of control. As the circulatoey depression .. . 
f'ollowing reintusion progressed, a further slowing of' heart rate occurred. 

Terminally- there was a mar1œd bradycardia which vas f'requently" associated 

vith bizarre arrbythmias, including complete atrio-ventricular dis-

association. 
~~ 

L .. \LM.W . 

.,. co trol 

• • 

• 
d 

• ·-·, 
1 \ . .. 

21 _j 
1 

n .. tn. 

L.V. M.W. ••· meters/mln. 

Fignre4 

Lef't ventricular lllinute 110rk (L. V .M.W.) as illustrated in tigure 4, 

tell to very- low levela vith bleeding and when the point of' ma:xia'all bl.ed 

volUJlle vas reacœd, it vas only- 7% of' the control value. Immediately- prior 
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to rein:fusion, it was 5.6% of control. The L. V .M. W. increased to only 

64% of control following reinfusion, in spite of markedly elevated lett 

atrial pr-essures. L.V.M.W. tben began a precipitous decline as the 

animal deteri orated. 

L.V.M.W. 

'ft co trol 
121 

lM 

Il 

• 
41 

21 

1 

1 
Left YHtrlcular Functlon Curv•• 

Tœ left ventricul.ar minute w<rk (L. V.M.W.) was plotted againet 

the changes in lett atl"ial·pressure at~regular intervals during bleeding 

ar.d reinfusion. The U1itial curve (a-b) is shown in figure 5 ar.d was 

obf;ained during the stepwise bleeding, permitting it to serve as a type 

of control. The curve obtained tollowing re infusion (c-d) has shifted 

considerably to the right canpared with the control curve. .! "descending 

lim.b• also appears as the animals 1 circulatory system declines terminally. 
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The dimension or tilœ is lost on this graph, but it can be seen that in 

order to maintain the lcw L.V.M.W. during the hypotensive period, there 

bas been a continuous rise in lef't atrial pressure. This observation, 

along with the marlœd shift to the right of the rei.nfusion curve, suggests 

a decreased ability of the :myocardium to per:torm external" work at equi­

valent atrial pressures !'ollowing prolonged h:n>otension. By definition, 

this is m:yocardial failure. The post rein:tusion decline in L. V .M.W. vas 

associated with the concurrent decline in le:rt atrial pressure. The 

le :tt atrial pressure increased again terminally, but L.V .M.W. bad declined 

to extremely law levels. 

Figure 6 
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Total peripheral resistance (T.P.R.) increased steadily vith 

bleeding (figure 6). T.P.R. bad risen to 200% of tœ control value b;r 

the ti:me ma:rl.Jm:un bled volume was reacbed. T .P .R. fluctuated onl.y slightly 

:f."rom this level, with a minimal decline as hypotension progressed. T .P .R • 

.fell to near control values with reinfusion of sled blood. T.P.R. sub-

sequently increased again as the blood :p"essure and cardiac output de-

clined .following rein.t'usion. 

1 
Het 
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Figure 7 

Figure 7 shows that the œmatocrit fell to 80% of control values one 

hour rollowing the induction of hypotenslon b;r bleeding. The œmatocrit 

then rose slowly until, .following rein.fusion, it bad returned to normal 
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values. It con:tinued to rise until a value of ll3% of control vas reached 

terminalq. 

The cœtrol electrocardiograms in all dogs appeared normal. A vaey­

ing degree of sinus tachycardia developed in all dogs during the first 

30 minutes of oligemic hypotension. (Figure 8). 

Alterations of the S-T segments earl.y' arter induction of b1Potension 

vere seen in all dogs. S-T depression appeared early am progressed in 

severi ty during b1Potension in 8 of the 10 dogs, as shawn by se rial elect­

rocardiograms in figure 8. One dog showed coaplete inversion of' the T 

vave priar to reinf'usion of blood. All but 3 dogs showed def'inite improve­

ment of' these changes wi th reinf'usion. The S-T segment depression re­

appeared shortq af'ter reinf'usion, prior to the decline of cardiac output 

and blood pressure. The S-T segment depression at this stage vas frequentl7 

associated with T wave alterations. Tall, pealœd and bizarre shaped T vaves 

vere commonl.y' seen. 

The re vas a progressive lenghtening of' the QT interval, prillari.l7 due 

to prolongation of the S-T segments, as the animal reached the terminal 

phase. Arrhytlmias, including one animal vith a 2:1 heart block appeared 

terminally. Marked braqycardia aasociated vith complete atrio-ventricular 

disaaaociation as vell as vide, slarred, bizarre QRS con.:f'igurations preceded 

dea th. 

Ventricular fibrillation vas a COlllllon terminal event. 

Group II ( 6 dogs) 

The operati"9e procedares follawed in this group vere identical to those 
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or group I. 'l'he blood. pressure in this group or aniDials was lowered to 

30 mm of Hg by stepwise bleeding. It was maintained at this leval ror 

1 hour, arter which all blood was reinrused. All cardiovascular indices 

were recarded, and the animals were again bled to 30 • of Hg. The ani­

mals were them rein.f'used at one hour intervals until 30% or the ma:xiliUDI 

bled volume had spontaneously returned to the animals. The animale were 

then reinrused arxi monitored until marlœd circulatory depression occurred. 

This produced a series of ventricular curves during the progression or 

bemorrhagic shock. 

The average duration of hypotension in this group of animals was 330 

minutes. The maxi.Juu.m bled volWIIEI was 58 cc/Kg. These animals also developed 

marked drculatory depression immediately following the final rein.fusion 

of blood. Four or the six animale died within 4 hours following the final 

reinfusion. Two animals were sacrificed and autopsied 4 hours following 

final reinfusion. 
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The blood pressure .f'ell to 86% or control values tollowing thoraco­

to1fl1'1 and tell to 23% or control with initial step-wise bleeding. 

(Figure 9). Reintusion or blood atter one, and two hours or hypoteasion 

returned blood pressure to post-thoracotany- values or abave •. The blood 

pressure returœd to 69% or pre-tharacotauy values with the .final re­

infusion or shed blood. Blood pressure began to decline within thirtl"' 

minutes or reintus:l. on, and deteriorated progressi vely untU dea th or 

sacrifice tour hours later. 

The cardiac output also shown in figure 91 tollowed a pattern 

similar to that or nean arterial blood pressure. Post-tharacotomy' values 

were 9?% ot pre-thoracotomy controls. The cardiac output tell to 1.5% 

or control w1 th bleeding, and returned to post-thoracotaq values or 

higher with the initial reintusions tollowing one ani two hours or hypo­

tension. Cardiac output returned to 74% or control with the final re­

in.f'usion and then began a progressive decline. 



-35-

J 
LA.P. (••· ... ) 

lcoatrel 
16 • , .. 1 

·'--·/' 1-20 

. , • 
100 

_j • • 

1 ' ·- - 1 • . ---~. f 

0 1 ' 1 1 ' 1 

, .... (,.,,_, 

Figure 10 

Tœ le.t't atrial pressure fell to 35% of control values vith bleeding. 

Left atrial pressure rose to 140% of' control, with rein:f'usion after one 

hour of b}rpotansion, and to 148% of control after two hours of hypotension. 

The left atrial pressure priœ:' to final reinfusion had slowly risen to 

52% of control. The final reinfusion of shed blood resulted in grossly 

elevated left atrial pressures, reaching 174% of controle. 'l'he left 

at rial pressure then declined slowly along wi th arterial blood pressure 

and cardiac output. It nerver returned to lesa than 130% of control values. 

Terminally there vas a sudden increase in le.ft atrial pressure. 
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Figure ll 

Tœ changes in lett ventricular minute vcrk occurring during bleediDg 

and reinf'usiœ were plotted against the changes in left atrial pressure in 

order to d:>ta.in ventricular function curves in this group ot dogs. They 

are illustrated in figure ll. 

The curve recorded during the initial bl.eeding (a-b) served as a type 

ot control. The curve obtained atter oœ hour ot hJpotension (b-c-d-) 

demonstrates a sbitt to the right. The curve atter two hours ot h.Jpotension 

(d-e-t) is almost superimposed on tœ curve atter one hour ot hypotension. 

The rise in lett atrial pressure seen on these tvo curves is accompanied 
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in each ca:;se by an increase in va~ues above the contro~ (~27% am ll7%) 

far left ventricu~ar minute work. 

The curve ootaiœd with the f'ina~ reinfusion of' b~ood was wey 

marlœdly shifted to the right. 'l'he lef't ventricuk minute work reaclBd 

only 89% of' contro~ val.ues, despite extrema e~evation of' ~ft atrial. 

pressure. 

The puùe rate, tota~ peripheral resistance am e~ectrocardiograms 

demonstrated complrable responses to the dogs in Group I (see figures 3, 

6 and 8). 

Group UI (S dogs) 

The ani111ùs of' this group were subjected to identical operative 

procedures as described for groups I and U. The arterial b~ood pressure 

was tl'Bn ~owered to 30 mm of' Hg., he~d at this ~ve~ f'ar 5 minutes arx:l 

tlen reinf'used. The anima.ls vere then maintained in this normotensive 

f'or 5 hours, f'ollow:ing which they were bled to 30 • of Hg aild reinf'used 

af'ter a 5 minute period of' h:n>otension. 'l'he animals were then sacrif'iced 

fo~~owing the second reinf'usion. This procedure served as a f'urther 

contro~, permi.tting eva~uation of' the ef'f'ect of the se"Yere operative pro­

cedures on thè vmtricular function curve. 

The anima~s in this group showed a decrease in cardiac output and 

b~od pressure f'o~~owing thoracotom;y, simil.ar to the animals in groups I 

and II. 

Thè variations in control indices during the 5 hour period between 

the initial and f'ina~ bleeding am reinf'usions were minimal. These animals 

all required f'Ul"tèer anestbetic during this S hour period. 
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Figure 12 

The left wntrioular function cunes obtained during the above proce-

dure are shœn in figure 12. 'flle initial ventriœlar .f'unction curve 

(a-b-c} served as the control. 'l'he ventrioular function cu:rve a:rter t'ive 

hours on the operating table with a normal. _blood pressure (d-e-r) shows 

onl7 a minimal shif't to the right. The left ventricular minute work in 

both cases increased above control with tœ Jlli.nimaJ.·elevations in left 

atrial pressure. 

Otbar concurrent studies carried out during the course of these 

studies included gross observations of he art size. The heart appeared 
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smaller and collapsed atter the induction of hypotension., and then 

appeared to increase in size as hypotension progressed. In gr011ps I and 

II the beart appeared cons:iderably larger than control after the final 

reinf'usion. Heart size tœn appeared to decrease slightly util the 

terminal stage wben heart size reached immense proportions, with gross 

dilatation of all chambers. These observations vere the author1 s 

impressions and were not documented by acœrate œasureRBnts at heart 

size. 

The point at which the aniJDal baaan to talre back spontaneously i ts 

shed blood in arder to maintain a blood pressure of JO mm. Hg vas usually 

characterized b;y a generalized loss at reflexes in groups I and II. 

The eye renexes were usually the f'irst to disappear. Prier to reinf'usion, 

relaxation of sphincter toœ f'requently occurred, vith incontinence of 

feces am urine. The fe ces were usually liquid in consistency and con­

tained both altered and fresh blood at this stage. A peculiar twitching 

at the corner of the animal's lll0l1th, ressembling the primitive sucking 

reflex, often appeared during the eirculatory decline folloving re-
(45) 

infusion of shed blood. Bounous and ethers, have pointed out that 

' tœ spontaneous reinf'usion of blood, and the loss of reflexes, are patho-

gl'l$10nic signs of irreversible hemorrhagic shock in the dog. 

The observation vas made tbat manual compression of the dog1s abdomen 

af'ter the animal began to spontaneously talœ back its shed blood resulted 

in a precipitous temparary drq> in mean arterial blood pressure (5 to 15 

llml of Hg). Bradycardia becam more pronounced, and arrhythJiias frequently 
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occurred shortly after manual compression of the abdomen. This unexplained 

phenODBnon appeared to be related to the severi ty of the hemorrhagic in­

testinal lesions in the anful, as described in the autopsy findings. 

'l'hirteen dogs were used in this study- and not included i:tl the above 

resulta. Bine of these dogs died suddenly wi.th cardiac asystole OlJ" 

ventricular :fibrillation, immediately prior to or during reinfusion or 

shed blood. Two dogs developed massive ~leeding :from the thoracotomy 

wound during the course of the experiment, arrl thus vere not included in 

this study. Oœ dog developed a massive retroperitoneal hemorrhage, 

following a trauma.tic laceration of artery wall during catheterization. 

One dog bled extensively from the left atrium, following placement of the 

catheter. This dog was salvaged but not included in the above resulta. 

'l'te pathological findings in group I and II were similar. There were 

no significant pathological changes seen in group III. 

'l'he most strildng feature on post-mortem examination of the abdominal 

viscera was the severe degree of tryptic hemorrhagic enteri tis. All dogs 

showed this lesion to some degree. The lesions were usually most marked 

in the lower duodenum and upper jejunum, but also extended along the entire 

length of the small barel. There were small patchy lesions seen in the 

colon and rectum. When examined in vivo during the terminal phases of 

shock, the intestinal mue osa grossly appeared almost black in col or, was 

ulcerated, and in saœ areas aetively bleedi.ng. (Figure 13 demonstrates 

an example of the severe tryptic jejunitis ). 'l'he small bowel in all of 

these animals was filled with varying amounts of altered and fresh blood. 

'l'he microscopie exam:ination of the small bowel lesions revealed almost 
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total destruction of intestinal vil.li vith an associated hemorrhagic and 

intlamu.tor;r response. This lssion bas been investigated in considerable 
(45,46,47) (39) 

detail by Bounoas and others. 

Six dogs in groups I and II demonstrated a gastric lesion ressembling 

heJIIOI."rhag:i.c gastritis. Thie lesion vas seen predœinantly' in the body 

of the stomach. Grossl;y this consisted of bemorrhage and super.f'icial 

erosions, more mark:ed in the .f'olds betveen the gastric rugae. Micro-

scopicall;y there vas local oedema polymorphonuclear cellular response, 

associated vith the loss of' super.f'icial epitheliUJD. 

In eight dogs, varying degrees of hemorrhagic panereatitis oceurred. 

The pancreas vas only Dlini:mally oedeatous, but had di.f'.f'use areas of' 

hemarrhage. Ci!& such case of' pancreatitis is illustrated in .f'igare 13. 

The hemorrhagic panereatitis vas usually associated vith a sero-sanguinous 

peritoneal ex:udate. Microscopie examination of' the pancreas revealed 

interlobular ani intralobular bemorrhage and oedama. There vas .t'rank 

di.sruption of' the ductal system, œcrosis and dissolution of' pancreatic 

parenchyma. No evidence of intra-vaseular coagulation vas .f'ound in the 

pancreas. The pathogenesis of' this interesting lesion has been .f'urther 
(48) 

investigated • 
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Figure 13 - duodenum and upper jejunum with pancreas attached. 
Probe is in main pancreatic duct. 

The liver was examined grossly, and frequently revealed a turgid, 

bulging appearance terminally. No detailed microscopie studies were 

performed. 

The kidneys appeared swollen, vlith pale cortices and dark, conjested 

medullary regions. Microscopie examination revealed medullary intra-

capillary conjestion and stasis, with cloudy swelling of distal tubular 

cells. 

Gross examination of the lungs revealed patchy areas of atelectasis, 

despite prolonged positive pressure ventilation throughout the experiment. 

Several animals appeared to die in pulmonary oedema with large amounts 

of reddish br~vn frothy material in the tracheo-bronchial tree. }liera-

scopic examination of the lungs confirme d the patchy a t electasis. There 
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appeared to be a thickening of the alveolar-capillary membrane in these 

areas. The thickening was partially due to alveolar capillary conjestion 

and partially to an alveolar polymorphonuclear inflammatory response. 

The bronchioli were frequently filled with an amorphous eosinophilic 

staining material. Figure 14 shows bronchioli fil1ed with this amorphous 

material. Figures 15 and 16 demonstrate areas of atelectasis and oedema. 

Figure 14 - Hematoxylin-eosin stained section of lung (x 100). 
This demonstrates a small bronchiole filled with 
an amorphous eosinophilic exudate. 
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Figure 15 - Hematoxy1in-eosin stained section of lung (x 40). 
This demonstrates an area of atelectasis 

Figure 16 - Hernatoxy1in-eosin stained section of lung (x 40). On 
the right is an area of col1apse, with a hemorrhagic 
inflammatory response. On the 1eft is an area of 1ung 
tissue demonstrating a thickening of the a1veo1ar­
capi11ary membrane. 
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Gross examination of the heart revealed only occasional scattered 

para-coronary epicardial hemorrhages. The most consistent findings on 

opening the left ventricle were the subendocardial hemorrhages. These 

lesions varied greatly in severity and dis tribution. The most cornmon 

pattern is illustrated in figures 17 and 18. 

The subendocardial hemorrhages usually involved tre opposing 

surfaces of the papillary muscles and the wall of the interventricular 

septum. Smaller lesions were frequently found at the base of the mitral 

valve cusps. The subendocardial lesions were present in 75% of the ani-

mals in groups I and II. Examination of the right ventricle revealed 

only miner, similarly located subendocardial hemorrhages. 

Figure 17 - The heart, with the left ventricle ope ned demonstrating sub­
end ocardi al œ morrhages on t he papillary muscles, and on the 
inte rventricular septum. The chordae tendineae have been eut. 
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Figure 18- The heart showing the interior of the left ventricle. 
The subendocardial hemorrhages are more marked, 
particularly at the upper margin of the interventricular 
septum in the region of the bundle of His. This dog 
developed a right bundle branch block following re­
infusion. 

Microscopie examination of the myoc.<J rdium confirmed the subendo-

cardial hemorrhages described above. These lesions were usually very 

superficial and involved the adjacent conducting fibres as shawn in 

figures 19 and 20. An epicardial hemorrhage of the left ventricle is 

demonstrated in figure 21. 
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Figure 19 - Hematoxylin-eosin stained section of left anterior 
papillary muscle (x 40). This demonstrates the 
superficial nature of this lesion. 

Figure 20 - Hemataxylin-eosin stained section of left anterior papillary 
muscle (x 100). The subendocardial hemorrhage is again de­
monstrated and appears to involve the adjacent conducting 
fibres. The area of myocardium immediately below the 
hemorrhagic lesion appears necrotic. 
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Figure 21 - Hematozylin-eosin stained section of left ventricle (x 40). 
This demonstrates a subepicardial hemorrhage, adjacent 
to a small branch of the left coronary artery. The re is 
sorne intra-myocardial extension of this lesion. 

Clos ely associa ted with the hemorrhagic lesions were scattered areas 

of myocardium 'Which stained more eosinophilic than nonnal. There -vras 

usually considerable capillar,y dilatation and congestion in these areas 

of nwocardium. Occasionally the areas of myocardium which appeared more 

eosinophilic were surrounded by foci of polymorphonuclear cells. A high 

pm·rer examination of the damaged myocardium showed a loss of striations 

and a peculiar swelling of the myocardial fibre in the region of the 

intercaJ..ated dise as shmm in figure 24. The myocardiaJ.. changes were 

alliays more marked in the left ventricle. 
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Hematoxylin-eosin stained section of left ventricular wall 
(x 40). This demonstrates marked intramyocardial hemorrhage 
and conjestion. There are scattered areas of more deeply 
eosinophilic areas of myocardium. 

Figure 23 - Hematoxylin-eosin stained section. of left ventricular wall 
(x lOO). This demonstrates the foci of lymphocytes and 
polymarphs related to areas of damaged myocardium. 
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Hematoxylin-eosin stained section of left ventricular 
wall (x 1000). This demonstrates the swelling of individual 
myocardial fibres particularly in tœ region of the inter­
calated dises. There is also an area showing a loss of 
striations and actual disruption of myocardial fibres. 
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DISWSSION 

'l'bue is a defini te decrease in myocardial contractili t7 during the 

progression of hemorrhagic shock in the experimental model used in this 

study. 'l'he hemarrhagic shock model used was extremel7 severe, and all 

resulta JllUst be considered in this light. It was necessaey to employ 

this model in arder to evaluate myocardial function during the development 

of irreversible hemorrhagic shock. 

'l'he model used empla,ed general anesthesia, thoracoto1111 and peri­

cardiotolll11 all of which affect :myocardial function. A general anesthetic 

was mandatory in this study which involved major surgical procedures. 

Several different investigations have pointed out the fact that 

opening the chest changes extra-cardiac pressures, resulting in a decreased 
(49,50,51) 

blood pressure and cardiac output. 'l'his observation was con-

fir:med in all tbree experimental groups used in this study. Sarnoff 
(21) 

(41,42) 

Fermosa and others have shawn that thoracotomized animale still pro-

vide a useful model in the analy'Sis of circulatory function. 'l'he7 point 

out the importance of using post-thoracotomy values as control or base 

line in eval.uating changes in myocardial .f'unction. .An open-chest model 

obv:l.ates the vagaries o.f' measuring alterations in negative intra-thoracic 

pressure as required in a closed chest model. 

It is also conceivable that an animal subjected to a general anesthetic, 

a major operative procedure and a five hour period of observation with an 

open chest might display a decline in myocardial .f'unction over this period. 

The animals in group Ill thus served as a double control o.f' the operative 
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trauma induced during this study'. The Yentricular .f'unction cu:rTe obtained 

a.f'ter the .f'ive hour observati.œ period showed very little shift to the right 

of' the initial post-thoracotOIIfJT curve. '1'h1s indicated only a mirrl.al de-

cline in lii)"OCardial function, as a result or operative trauma alone. 

The method used to evaluate J1110C&rdial contractllity is open to cri­

ticism. The dif.f'iculties in assessing ventricular diastolic fibre length, 

to which the enet"gy of contraction is related, are well known. One of the 

beat methods or evalllating end diastolic fibre length 1s by using left 
(26) 

ventricular end diastolic pressure. Selkurt feels that in view of the 
(41,42,52) 

illpcrtance or atrial contraction in ventricular filling, left 

ventricular end diastolic pressm'e is a 110re valid index of erd diastolic 

aize than atrial pressures. Left atr.l.al pressure was chosen as an index 

of end diastolic aize in this study' for several reasons: Firstly, during 

the course of hemarrhagic shock, a signi.f'icant tacbTcardia resulta, which 

considerably impairs the accurate measurement or left ventricular end 
(41,42) 

diastolic pressure; aecondly, Sarnof'f' in his original wrk on the 

use of ventricular function curves to assess myocardial contractUity, 
' (26) 

utilized le.f't atrial pressure; and thirdly Selkurt in his studies on 

vent.ricular function curves in hemorrhagtc shock, showed tbat le.f't ventri­

cular end diastolic pressure changes closely paralleled those of' lett 

atrial pressure. 

Cardiac output is goverœd to some degree by aortic pressure, which 

in tUI."n is the resultant of peripheral resistance as vell as cardiac .f'unction; 

thus lett ventricular strolœ wrk per minute was used as a more comprehensive 

imex of the .f'unctional capacity of the heart. The DBthods used allow a 
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reasoœbly precise :measurement of external work performed by the le!'t 

ventricle- but they do not measure the total energy liberated by the heart 

in doing this work. There is a signiticant amount of total energy spent 

on isometric contraction of the left ventricle, and this is not measured 
(41,42,53) 

as work doue. No estimation of myocardial efficiency is ob-

tained using this method. 

An attempt vas made to make all determinations a!'ter a steady state 

or equilibriWI conditions bad been reached, whlle obtaining the ventri­

cular functi.on curves in this study. In spite of this precaution, tbere 

may have been changes in the neural and hormonal elements of the auto­

nomie nervous system, affecting myocardial contractility. This difficulty 

is impossible to overcome using a model vith an intact circulation. 

The use ar ventricular function curves as a method of studying myo­
(41,42,26,52,54) 

cardial contractili ty is a vell established :method in 

spite of tœ lmcwn limitations. The m<Xiificationa of tœ classical ven-

tricular function curves which were used in this study, allœed a rapid 

rœans ar quantitating ventricular performance in terms of physiologically 

significant work umer the existing experimental conditions. 

It •1 be argued that a better evaluation of myocard:ial reserve or 

capacity could have been obtained by using a volume or pressure load at 
(21) 

different phases of heaorrhagic shook, as proposed by Gomez. This 

creates a situation whioh may be potentially dangerous in that it could 

change a heart from occult to frank :myooardial failure, and possibly exert 

a detrimental ef'feot itself. The use of a volUJJle load also introduces a 

new therapeutic variable in a hemorrhagic shock model. 
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The problem of accurately defining cardiac failure appears very 

simple on the surface, however, tœre is still disagreement on a definition 

which incl.udes all facets of this complex phenomenon. A physiologist de­

tines cardiac tailure as a declining cardiac 01.1tput in the face of adequate 

ar increasing atrial filllng pressures. The bioche:mist descri bes myo­

cardial failure in terms of a deficiency of or an inability to utillze 

high energy phosphate compounds as A.T.P. The electron llicroscopist des-

cri bas m;yocardial failure by alterations in the contractile prote ina 

myosin and actin. Tbe clinician thinlœ of myocardial failure as a well 

lmown group or clinical findings which indicîte :myocardial decompensation. 
(55) • 

Mommaerts and Langer in a recent review or this pr oblem state, that 

' "the sine qua non of heart tailure is the ina!bUity or the cardiac chamber 

utner consideration to preverrt progressive increments in its di&stolic 
(23,26) 

volume in response to impœed overloads.• Most authors agree that 

in order to pro-ve cardiac hypofunction it is necessary to show that for 

a given atrial pressure the heart does lees external woi!k than the noral 

or control heart. As more is learned about the dynamics of myocardial 

failure, it will undœbtedly be possible to more accurately describe the 

exact mechanism ar cardiac failure in a117 gi'Ven si tua ti on. 

The ventricular function curves in group I tollowing reinfusion show 

a marked shift to tœ right indicating a definite hypotunction or depression 

of m.yocardial contractility. This curve is similar to tœ ventricular 

functiœ curve obtained af'ter the final reinfusion ar blood in group n. 

The initial "Ventricular functiœ curves in group II, prior to the point 

at which the animal spontaneouslr took bacle blood. from the reservoir, 
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demonstrated a sbift to the right, but not to the degree as seen following 

final rein.f'usion. These initial curves are very similar to those obtained 
(41) 

by Sarnoff atter decreasing le ft coronary arter;r flow, am this suggests 

II;YOcardial ischellia. The modest elevations of le.f't atrlal pressure seen on 

these curves, are always associated vith an. increase above control of left 

ventricular minute work. These initial curves probably represent the re-

sult of two simultaneously acting variables. The depœssed function curve 

related to a period of decreased coronary naw during hypotension is partq 
(39,56) 

compensated for by tœ positive ionotropic effect of the marked increase 

in circulating ca.techolamiœs which occur in this phase of hemorrhagic 

shock. This may e:xplain the elevation above control of le.f't ventricular 

-mte work, seen in the early ventricular function curves, in spite of 

the shitt to the right. 

The very marlœd shift to the right seen vith the final reinfusion in 

groups I and U suggests that otber factors in addition to JJ70cardial ischemia 

now operate in arder to produce this profound depression in J170Cardial con­

tractility. The terminal ventricular function curves demonstrate that in 

spite of marked increases abow control of le.f't atri&l pressures, left 

ventricular mill'llte work remains below coa:trol. The relation between le.f't 

atrial pressure am left ventricular minute work in terminal heliiOlThagic 

shock deteriorates, in that work continœs to decline as atrial pressures 

increase. This resulta in a descending 1.illb on the vsntricular function 
(41) 

curvs, vhich Sarnoff .f'ound to occur in vivo only under extreme condi-

tions, as severe restriction of coronary now, severe anemias and pronounced 

cardiac irregularities. The depression in le.tt ventricular work can be 
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expla:Lned in part b;y alterations in. heart rate during hemorrhagic shock. 

'l'here is a vell lmown heart rate-determined ionotropic mechanism aff'ecting 

cardiac output, which is an intrinsic propert;y of the myocardiUlll. The 
(57) {55) 

mecbaniSJJI is not clear as recentl7 discussed by Mitchell and others, . 

but the myocardium appears to f'unction at an optimum heart rate. Cardiac 

output increases as this rate is approached, and deoreases as heart rate 

is increased above the optimum because of the reduced tm for diastolic 

f'illing. A marked reduction in heart rate belœ the optimum rate will 

also result in a deorease in oardiao output. The marked bradycardia and 

the gross arrhytbmias would undoubtedl.T expla:Ln some of the depression of 

myocardial work seen in terminal hemorrhagic shoCk, and contribute to the 

descending liJib of this curve. 

!hese resulta are in agreement with those of Crowell, Guyton and 
(21,22,23) (14) 

Gomez and confirm the original observatiœs of Wiggers. 

The above resulta are not entirel;y in agreement with those of Rothe and 
(26) 

Selk:urt who concluded that not all animals subjected to irireversible 

shock developed lllfOO&rdial failure terminall.T• They suggested that a 

decrease in venous return was a more important factor in the terminal 
(26) 

decline of cardiao output. Sellcurt and Rotbe used a closed cœst 

model, and the duration of' hypotension varied from the experimental model 

used in this study. 

The resulta of this study are totall;y different from those of S::l.meone 
(27) 

et al, who used a Walton-Brodie strain gauge to assess myooardial con-

tractilit;y during hemorrhagic shook. They ooncluded that the contractile 

force of the myooardium remained near normal despite the progressive 
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decliœ in arteri.al. blood pressure as ~e ani mal deteriorates. The 

•asurement of ll\fOcardial. contract1lit,- ldth this deviee is soDBwhat 

artificial and does not relate ohaDpa in ccmtractility to usefuk 

externalwork (Ir to changes in le!t atrial pressure. 

The left. a trial pressure following final reintllsion in Gronps I and 

II declined significantl.y, but never reached cœ1ro1 values. Crowel1(22, 23) 

also noted this decline in atrial préèsure wbich appears to be mainq due 

to loss o! central. blood volume. He al.so noted that a transta.aion at 

this point again inereased lett. &trial pressu.re to a higber level on a 

bypo-respo:nsive functd.on cu:rve, ~ to decl.:l.M again al.cmg this oum. 

he also demo:nstrated that in spite of massive transfUsion of blood (three 

to five times the animal's original blood volume) it was impossible to 

maintain an effective ca.rdiac output (Ir alter survival rates. C:rowell 

attributed part of this fall in atrJ.al. pressures to f'luid loss, bUt he 

felt that "stress rel.axatd.ontt also plqed a role. This phenœenon is 

not gener~ accepted and a :more likeq apla:aatd.on is a loss ot effective 

circulating blood volume. 'l'he animal s in Groups I and II frequentq dem.on­

strated significant blood loss from the small boirel aloae in the te:rminal 

phases of hemorrilagic shock. The changes in hematocrit during the prog-

ression of hemorrhagic shock in these dogs also suggests a loss of plasma 

and extracellular :f'lllid resultiDg in the heJaoconcentration. The terminal 

hematocrit values vere noted to increase in the face of active bleedi• 

from the smalJ. bowellesioœ. J.nlehei(SB)and others(59 ,60)bave demon-

strated as much as a 28% decreaae in' plasma volwae after reinfusion. 

Sbires ( 6l.), Crensha:lr ( 
62

) 1 have both daaonstr-ated a defini. te decrease in 



• 

-58-

extracellul.ar volume in man and in· the dog, as a result of severe 
(6.3) 

bemarrhagic shock. A change in venotllotor tone may also be a contri-

buting factor in this decline in le:f't atrial pressure shortly a.fter re-

infusion. 

Total peripheral resistance increased mrkedly with hemorrha.ge in 
{64,65) 

groups I and II, as reported by most investigators. The total 

peripheral resistance reached 20.3% of control at the point of maxil1ll1l 

bled volume. The re was a minimal decline in peripheral resistance as 

hypotension progressed, but just prior to reinfusion, total peripheral 

resistance had again risen to 229% of control. Reinfusion of shed blood 

resulted in a return to nearly normal, onl;r to increase again as the 

teminal circulatory decline developed. The finding tha.t peripheral re-

sistance returned to normal with reinfusion, and increased again as 

blood pressure and cardiac output :f'ell, would indicate that even in late 

hemorrhagic shock, the vascular bed is still capable of increasing re-

sistance as a homeostatic mechanism. This measurement is only a gross 

estimation, and it must be remembered tha.t total peripheral resistance 

is determi.ned by numerous regional resistances arranged in parallel 

(1/T.P.R. • 1/Bl. + l/R2 •••• •• 1/Rn). Thus the measm-ement of total 

resistance could very easily mask regional changes in resistance. These 
(64,66,67) 

resulta are essentially the same as recorded by other investigatars 

These findings imply that Mither loss of effective blood volllll8 ar failure 

of the peripheral vascular system could be the sole cause of irreversibil-

ity-, as massive transfusion resulta in only tempor&ey' improvement. 

The E.C.G. changes seen in groups I am II definitely suggest myocardial 

• 
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iscbeJilia. The initial RS-T segment depression was usuall;y seen at the 

tille ma:x:imum bled volume. was reached. The progressive nature of the se 

changes suggests that m;yocardial iscbemia was becoming m.ore pronounced, 

and in some cases evidence of my-ocardial injury was observed. The tact 

that the majorit;y of tœ animals showed definite i:llprovement of their 

E.C.G. following re~usi.on, indicates that the ischem.ic changes were 

not irreversible at this stage. The early reappearance of signs of myo-

cardial ischemia following reinfusion emphasizes the tact that the lfrTo-

cardia appears to be opera ting on a borderline nutritional blood suppl.y". 

The 'l' wave changes seen follow:lng reintusion are ver;y similar to 

those seen vith hyperkalemia. The 'l' waves also .showed bizarre changes 

terminall;y which were dit:ficult to interpret. There was a poor correla­

tion between the pathological changes seen at autopsy, and the E.C.G. 

changes observed in the individual animal. The dogs which developed 

pathological changes at autopsy occasionally did not demonstrate E.C.G. 

evidence for this lesion. This is partly explained by the li:mited 

electrocardiographie etudies done on these animals. In retrospect, a 

better correlation would have resulted if all leads bad been exami.ned, 
{14,15) (29) 

according to the studies of Wiggers and Isquieta • 

The marlœd prolongation of the QT interval, and the resul ting brad1'-

cardia definiteJ.;y suggests a. loss of neurogenic control of the cardio­

vascular system. The bizarre E.C.G. configurations and arrhytb!das seen 

terminall;y are probably a renection of an anoxie JIY'OCardium with super-

:l.mposeq alterations in myocardial enrlronment including severe acidosis and 

hyperkalemia. 
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'l'be !'act tbat such a large ntml>er or dogs died or ventricular 

fibrillation earl.y in the course of. bemorrhagic hypotension (dogs not 

included in resulta !'or groups I md II), !'urther attesta to the se"fttrity 

of the 110del. Ventricular fibrillation was also a comon terminal event, 

!'ollowing the dèvelopment of marked ar.rh;ytb:mias. This is not a surprising 

!'inding as several authors have demonstrated that both a decreased coro­
(68.,69) 

nar;y now arrl any form of metabolic acidosis will decrease the 

ventricular fibrillation threshold, re sul ting in an increased incidence 

of fibrillation. Local aecumulation of toxic metabolites, particularly' 

potassium and lactates, .bas also been incrimminated in lowering the ventri-

cular fibrillation thresbold. 

The electrocardiographie !'indings in the animals in this study are 
. (30) 

not unlike those observed by Master in his study on humans suffering !'rom 

hemorrbagic shock. Master noted that in over lOO patients studied, ranging 

from 18 to 79 years, 60% presented clinical and or electrocardiographie 

evidence or a ou te coronary insufficieney. Conjesti ve heart !'ailure was 

precipitated in 10% ar this group of patients. 

'l'he pathologioal changes seen in the m;yocardium of the animals in 

groups I and II, are almost identical in nature and location to those des-

cribed by Master in humans who died following an episode of hemorrhagic 
(70) 

shock. Myasnikov also described comparable lesions in the J01ocardium 

secorxlary to acute coronary occlusion associated wi th hypotension. He 

concluded that the conditions which develop f'ollowing decreased tissue 

perfusion may exert an unfavorable influence on the predamaged myocardium 

causing these additional necrotic foci • 
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The anatomical location of the myocardial lesions in shock supports 

the concept that these changes may be secomaey to a period of relative 

anoxia. The endocardial region is tœ most distal portion of the myo­

cardiu in relation to its nutritive b.lood supply. 
(71,72,73,74) 

Many authors have noted the similar pattern of hemorrhagic 

and necrotic lesions seen in dogs given prolonged high doses of pressor 
(71,72) 

amines particularly no~pinephrine. Regan has demonstrated a bi-

phasic response of the myocardium to sustaint··.··· intracoronary infusion of 

epinephrine. 'l'he initial period or positive notropic effect vas followed 

by a progressive decline in contractili ty. He has pointed out· the fact 

that the prolonged high levels of circulating catecholamines seen in 

hemorrhagic shock may have a simi.lar effect on the myocardium. nouda 
(74) 

et al have queried whether the catecholamine level is in fact directly 

related to the prOduction of subendocardial lesions or whether the lesions 

are secondaey to mechanical injury associated vith extremely high intra-

ventricular pressures and law end diastolic volumes. They demonstrated 

that the severity of these lesions could be mbdified by partial cross 

clamping of the aorta, thus increasing end diastolic volumes. 

'l'he. subendocardial hemorrhages and necrosis "Were always intimately 

related to the subendocardial Purkinje network. The possibility that a 

a period of hypotension may selectively effect this type of myocardial 

fibre must be considered. The subendocardial hemorrhages could also exert 

a detrimental mechanical ef.fect on the conducting system. These two factors 

may partially explain the marked brad.ycardia and arrhythmias which develop 

in late hemorrhagic shock. 
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The preponderance of hemorrhagic subendocardial lesions compared to 

simple necrosis in the experimental animale used in this study, raises 

the possibility that the heparin used may have accentuated the hemorrhagic 

nature of the J110Cardial lesions. 

The tact that anatanical changes result, following a prolonged period 

of hemorrhagic shock, definitely suggests that functional alteratiœs may 

occur and be of paramount importance in the so called irreversible state 

of shock. 

The majority of the pathological changes in tœ lung are undoubtedly 

terminal events. The thickening of the alveolar capillary membrane and 

the patchy atelectasis suggest however, that lung function may also be 

impaired in hemorrhagic shock. 

The pathological changes seen in the small intestine in hemorrhagic shock 
(73) 

have never been directly related to myocardial function until recently-. 
Q..5) 

The work of Bounous et al has demonstrated that the barrier function 

of the small bowel is defini tely al tered following hemorrhagic hypotension. 

The possibility that the metabolically depressed intestinal mucosa seen in 

hemorrhagic shock may allow the passage of a cardio toxic substance into 

the circulation, must be seriously considered. 

The above studies have shawn that cardiac. output and blood pressure 

both decline rapidly atter reinfusion of shed blood, following a cri tical 

period of hypotension. The peripheral vascular bed, although seriously 

injured, was still able to maintain total vascular resistance during the 

terminal decline in blood pressure. The cardiac output in the shoclœd doga 

decllned following reinfusion in the face of above control atrial filling 
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pressures. Tœ heart vas thus doing less extemal work at a given atrial 

pressure followi.ng the prolonged period of hypotension. The concurrent 

studies ~ myocardial contractility definitel;y suggest an early and pro­

gression decline in myocardial contractility as hemorrhagic shock progressed. 

These findings would support the hypothesis that myocardial function is 

sign.ificantly impaired following a prolonged period of hypotension, and 

may play a role in the S1Jldrome of irreversible hemorrhagi.c shock in the 

dog. 
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CHAPTER II 

INTRODUCTION 

The majority of evidence in criminating the m;rocardiUlll in irreversible 

shock, arises from studies o! volume and pressures during the various phases 

of hemorrhagic shock. The foregoing studies canfirm the suspicion that a 

deterioration of m;rocardial expulsive power contributes to the terminal 

circulatory failure rollowing a prolonged period or hypotension. The 

ability of the heart to pertorm external work depends basically upon the 

biochemical activity which leads to mscular contraction. Therefore, any 

de:finite analysis or the phenomena of myocardial failure is dependent on 

a concurrent evaluation or JÇ'OC&rdial blood supply and myocardiaJ. metabolism. 

The first experimental studies on coronary now during and rollowing 
{80) 

bemorrhagic shock, vere carried out by Opdyk.e and Foreman. Their 

estimations of coronary fiow vere hampered considerably by tecbnical 

di:fficulties. 'l'bey observed that coronary flow decreased 30 to 60% of 

control values during bemorrhagic hypotension (30-50 lllDI or Hg). Reinfusion 

of the withdrawn blood usually restored bl.ood pressure to control values 

and increased coronary now to 121-420% of control values. The augmented 

coronary now was maintained untll atter circulatory failure bad intervened. 

It was concluded from these studies, that the circulatory failure which 

follows a prolonged period of hypotension is not precipitated by an inade-

quate coronary blood flow. 
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(19) 
Tbe studies of Sarno:f:f et al , using an open chest he11orrhagic 

shoek model, suggested that the myocardial :failure seen :following hemorr-

bagi.c shock was the result of an inadequate coronary flow. This conclusion 

was based on the observation that the rise in left aurieular pressure and 

the cardiac dilation which :rolland reinf'usiœ of shed blood in his model, 

could be rapidly reversed by augmenting left ~in coronary flow. 
(81) 

Edwards and Bing in an extensive study of myocardial function in 

sbock observed that coronary blood now :fell [markedly during the oligemic 
1 

phase of hemorrhagic shock. Corœary blood now then rose during the 

normovolemic period, but never :reached control values. These studies .also 

demonstrated that as a result of the diminished coronary :flow, myocardial 

oxygen usage waa significantly reduced during oligemic and normovolemi.c 

shock. 
(82) 

Hackel and Goodâle using a nitrous qxide desaturation technique 

for measuring left ooronary artery now, concluded that coronary now did 

not decrease despite the very low systemi.c arterial pressures, and low 

cardiac outputs during ahoek. A significant fall in coronary vaseular 

resistance was observed following three hours of hemorrhagic shock. 
(83) 

Vowles et al · studied coronary blood now during hemorrhagic shock 

by measuring coronary sinus now. They observed that coronary flow de­

creases by approxim.ately 50% during oligemic shock, in spite of compensatory 

coronary vasodilatation and peripheral vasoconstriction. Blood transfusion 

given early and late in the oligemic phase restored coronary new to near 

normal values. The coronary now in the period following reinfusion was 

not reported • 
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The above etudies reveal that the pattern or changes in myocardial 

circulation following hemorrhagic shock, is not unif'orml:y agreed upon. 

The adequacy of coronary circulation in he:morrhagic hypotension has 

also been evaluated by indirect means. These include in vitro and in 

vivo studies of the availability of ax:ygen to the myocardium, as well as 

changes in :myocardial metabolism as a resul t of varying periods of bemorr-

hagic shock. 
(84) 

Si:meone et al used a platinum electrode as a mans of measuring 
1 

the effectiveness of the circulation in main1faining an adequate supply of 

ox;ygen to tissues in order t o pel'llit normal cellular metabolism during 

hemorrhagic hypotension. The resulta of ttese studies suggested that a 

decrease in myocardial ax:ygen tension occurs during hwotension associated 

with bleeding. This fall in oxygen tension oceurred despite the fact 

that the work of the heart during this period of hypotension is actually 

decreased. This suggests that the myocardial circulation during hypotension 
(85) 

is deficient. Caliva et al utilized an elsctropolarograph to study 

the efficiency of myocardial circulation in hemorrhagic shock. 'l'he electro­

polarograph provides a method for continuously recording the oxygen available 

between the capillary bed and the DllScle cell. They concluded that the 

oxygen levels in the fluid pool between capillary and cell decreased si-

gnificantly with hypotension induced by b!morrhage. This also suggests 

an insufficient c oronary flow in hemorrhagic shock. They also observed 

that restoration ar blood pressure by early reinfusion, or by the use or 

drugs resulted in the return or oxygen to near or above control values. 
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It ia conceivable that a period of reduced blood suppl.y to the myo-

card.ium eould reault in a decreased energy production and therefore a 
(87,88) 

decreaae in myocardial. contractility. Burdette and Wil.helmi , 
atudJing respiratary rate and ~n consumption of MfOCardial slices 

taken from rats daring hem.arrhagic hypotensi œ, noted that the oxygen 

uptake in the shocked rats was signifieantly l.ower than that of control 

sl.ices. They al.so observed that al though tm m.yocardiUDl from the shocked 

rat was still able to utilize wruvate, it was not as efficient as the 

utllization seen in slices from control. ani:mals. 

Hyocardial. carbohydrate m.etabolism. has been studied from. several 

different aspects during hem.orrhagic shock. 
(81.) 

Edwards et al. in a detailed study of axygen consumption and 

m.yocardial carbohydrate metabolism. during hem.orrhagic shock, demonstrated 

no significant change in myocardi.al ax:ygen extraction during oligem.ic 

shock. Th!lre w~ a decrease in total 11,10cardial œygen usage which is 

dependent upon the concurrent decrease in coronary blood flœ. Both 

coronary now and myocardi.al. oxygen consumption rem.ained bel.ow control 

level.s a:rter reinfusion or blood. During ol.igemia the heart also appeared 

to l.ose its abillty to utllize gl.ucose. Myocardial lactate extraction 

hœever, increased signiticantly during ol.igemia. A definite trend tœards 

a negative m;yocardial extraction of pyruvate oceurred during oligemia. 

The changes in glucose metabolism vere completely abolished with reinfusian 

or blood. The myocardial extraction or lactate rem.ained significantly 

elevated in the normovolem.ic phase, while the myocardial pyruvate extraction 

remained negative. Thus it appeared that the infusion of blood bad failed 
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to correct the metabolic alterations initiated during the oligemic phases. 
(88) 

Haclœ 1 and Goodals studied JII10C&rdial carbob:ydrate metabolism in control 

dogs and tbœe subjected to vaeying periode or hypotension. They concluded 

tbat a negative pyruvate extraction vas the most consistent and striking 

abnormal.it;r round during bemorrbagic sbock ot tbree bours duration. 
(89) 

Hackel also compared the errects or reintusion or blood vith the use 

or 1-norepinephrine on the IIJ'OC&rdial metabolic pattern in bemorrbagic sbock. 

The alteration~ in myocardial metabolism as a result ot bemorrhagic sbock 

was in part corrected by reintusion or blood, but not altered by the use 

or 1-norepinepbrine. 

It appears, rrom the roregeing observations tbat a study or coronary 

now a rd. myocardial metabolism concurrentl;r could supplement the initial 

phase or this investigation and perhaps help to elucidate the etiology 

or the alterations in myocardial contractility atter prolonged bemorrhagic 

shock. The rollowing experimental studies wre designed to investigate 

clause 3. or the original objectives: 

•The study or changes in IIJ'Ocardi&l metabolism during bemorrhagic 

shock, am the attempt to correlate these changes with alterations in 

myocardial contractili ty. 11 

MEm.Boœ 

The experimental model used in this phase or the study was identical 

to tbat described in the initial nethods, witb the following additions: 

1. Coronary sinus rlaw vas determiœd at regular intervals during the 

course ot each experiment. A number 14 Bardic catheter vas introduced 
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into the coronary sinus via the right auricular appendage, and secured by 

means of a suture around the coronary sinus proxillal to the lliddle cardiac 

vein. The catheter was then connected to a "y" tube which bad one arm 

leading to a graduated cylinder, the other leading back to tœ right 

auricular appendage, and maintained with a purse string suture. 'l'he internal 

diameter of this tubing was 4 m, and its free end which emptied into the 

graduated cylinder was maintaiœd at a constant height to p:revent variations 

in resistance to now. 'l'hus coronar;y sinus now could be measured by 

clamping the return circuit to the right auricular appendage, and collecting 

the blood in a graduated cyllnder for 30 second intervals. Each reading 

was repeated twice, and the .llll!l&n value recorded. 

2. Coronary sinus blood was obtained via the above s75tem for measurement 

of o2 content, lactate, and pyruvate levels at predetermined intervals. 

3. Systemic arterial blood was obtained by a femoral artery catheter for 

measurement of 02 content, lactate and pyruvate levels. 

Myocardial extraction of oxygen, lactate and pyruvate was calculated 

by subtracting coronar;y sinus levels from coronary artery (systemic) levels. 

An approximate value for total uptalœ of oxygen, lactate, and pyruvate 

was obtained by the following formula: 

Coronary sinus flœ I ( Coronary artery - cordnary sinus level of sub­

stance in question). 

The 0 content of all samples was calculated using the Natelson micro-
2 

gasometer - mcdel 600. Each determination was repeated twice and the nean 

value recorded. 

'l'he blood sampl.es for measurement of lactate and pyruvate levels were 

(90) 
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taken in a dry syringe, &D::l 5 cc of blood was transferred imediatel;r to 

5 cc of ice cold 0.6N perchloric acid and thoroughly- mi:xed. Lactate and 

pyrovate vere masured using the Boehringer enzyatic test kits. 

RESULTS: (8 dogs) 

The mean control coronar;r sinus flow was 77 cc per minute. The changes 

occurring during bemorrhagic shock and re infusion are shown in fig. 25. 
li. P. mm. hg. 
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Coronal'J' sinus fiœ fell vith stepwise hemorrhage to la4% of tbe initial. 

control value. As hypovolemia progressed, coronary sinus flow tell to 30% 

ot control just prior to reinfusiOD of shed blood. Reinfusion of shed blood 

nièed caraur7 sinus nœ to 8$% of the control Yalue. It remained at this 

lewl for a veey shc:rt period (20..30 JÎd.Dutes), and then declined rapidl;r. 

1'he decline in coronaey sinus nœ preceded the terld.nal decline in mean 

a:rterial blood pressure and cardiac output. 



70a 
1 

02 Content vol.% 

% contro~ 20.6 vol.% 

100 ·- -·-------a -·- -·--------·------
80 

60 

40 

20 

0 

1 

b c d 

Time hrs. 
Arterial 02 content ·---• 
Coronary Sinus 02 content "~-~-··• 

Mean Myocardial 02 Extraction 

% Eatrac1111 

100 

80 

60 

40 

20 

0 

Ti me 
f 18 U lE 

h r s. 
28 



-71-

The S)'Stemic arterial oxygen content vas relatively well maintained 

throughout the course of all experimenta. This is undoubtedl)" the result 

of the constant positive pressure respiratoey support. The coronaey 

sinus oxygen content was significantl)" decreased within 30 minutes following 

the induction of hemorrhagic shoek. (Fig 26) M)"ocardial O:lcy"gen extraction 

thus increased from a control of 64% extraction to as high as 83% extraction 

a.fter 2 hours of ~otension. After 30% of the shed blood spontaneousl)" 

returned to the animal, the JV'OCardial oxygen extraction bad fallen to $0%. 

Reinfusion of aU shed blood did not return JqOcardial ox;ygen extraction 

to control values, but instead the myocardial oxygen extraction remained 

at $2%. Myocardial œcygen extraction then tell as the animal deteriŒ"ated. 

One hour following reinfusion, mean myocardial ox;ygen extraction was 30%. 

Total myocardial utilization of o:xygen however remained vell below control 

tbroughout the ~otensive period due to tm marked decrease in coronary 

now during hypotension. The lowered rqocardial extraction follodng re­

infusion of shed blocd, combined vith the sub-control cŒ"onary now maintained 

total myocardial oxygen utilization at low levels following reinfusion of 

shed blood. 

The systemic arterial concentration of lactate rose f'rom a mean control 

value of 2 .1 mgm% to values as high as 140 mgmJ te:rm:Lnally. The myocardial 

lactate extraction (Fig 27) inereased progressivelY" as ~otension pro­

g:ressed. The JqOcardial lactate extraction remained significantl)" elevated 

f'ollowing reinfusion of all shed blood. The lactate concentration in the 

cQron&ry' sinus blocd did not exceed arterial lactate levels at any time. 

Total myoeardial utilization vas not altered significantly despite the 
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increased myocardial extraction. This is explained by the concurrent 

decrease in coronary flow 1 both during hypotension and followi. ng reinfusion. 

The systemic arteri.al pyruvate levels also demonstrated a marked rise 

as hypotension progressed from a mean control of o. 79 mgm% to 3.34 mgm% 

term:inall7. · The changes in myocardial pyruvate extraction during hypo­

volem:ia are Ulustrated in figure 28. Th.ere is an obvions progressive 

reduction in the m;yoeardial pyruvate extraction after one hour of hypovolemia. 

The pyruvate extraction becomes negative just prior to reinfusion of shed 

blood. The coronary sinus levels of pyruvate were thus higher than the 

coronary artery levels of lactate, at the point of reinfusion. The myo­

cardial extraction of pyruvate remai.ned aipjtieautJ.T reduoed following 

reintusion, and became even more negative as the animal decli.ned termi.nally. 

DISCUSSION 

It appears that tœre is a signi.fieant fall in coronary blood flow 

following hemorrhage, when coronary sinus now is used as an index of 

coronary nœ. The coronary sinus now does nat return to control levels 

wi.tb the reinfusion of all sœd blood. 

There are def'inite criticis:ms and lilllitations to using coronar,y sinus 

flow as an index of coronary artery now. Firstly, measurement of coronary 

sinus flœ by catheter collection may not be an exact index of m;yocardial 

perfusion. Well described arterio venons shunts exist, but the exact 

conditions urrler which they function have not been defined. Secondly, 

balance studies of coronary i.nflOW" and outflow have shawn that approximately' 

75% ar blood entering the left coronary artery drains into the coronary 
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(90) 
sinus, but it is not k:nown wbether this proportion remains constant 

under changing conditions. One of the 110st commonly used methods of 

lll!lasuring coronary blood nœ in the closed chest preparation is the nitrous 
(91) ' 

o:xide desaturati on technique • This however also depends upon a measure 

or coronary sinus flOW', ra1iher that of coronary arterial fiow. As a re-

ault, tbe changes in coronary sinus flow cannot be considered as an absolute 

index or left coronary artery now, but probab1y representa a good re­
(83,90) 

fiection of changes in coronary arter;y flow , during the course of 

this experiment. 

The changes in coronacy sinus new, the E.C.G. changes and the al­

terations in m;yocardial contractility, defini1iely suggests that myocardial 

·ischemia is present during oligem:ic shock, and r•pppears shortly after re-

infusion of all shed blood. Similar conclusions have been reached b;y 
(19) (81) (83) (80) 

Sarnoff , Edwards et al Vœles and Opdyk:e • It thus appears 

that myocardial ischemia during oligemia could result in adverse changes 

in contractility which are perpetuated following reinfusion and may contri­

bute to the final fatal outcome following prolonged bemorrhagic shock in 

tbe dog. This further emphasizes tte importance of rapid, accurate 

correction of any form or hypotension. 

The increase in myocardial ax:ygen extraction shortly following the 

induction of hemorrhagic shock probably representa a compensatory mechanism 

as a result or decreased coronary nœ. Marked coronary vasodilatation, 

vith a fall in coronacy vascular resistance bas also been reported following 
(80,81,83,88) 

hemorrhagic shock • These two :rœchanis:ms would allow tbe :myo-

cardium to maintain aerobic metabollsm in spite of a significant degree of 
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coronary insufticiency. An illportant factor in determining the metabolic 

response of the myocardium in the presence of reduced coronary now ia 

the ratio ot ax;.ygen demand of the. myocard:ium., to its oxygen supply. Ir 

ox;ygen demand and supply are proportionally diDd.nished, the metabolic 

effect ot m;yocardial ischemia is minimal. As the animals began to 

spont&Beously" tak:e back blooi troa the bleeding resert'oir, m;yocardial 

oxygen extraction vas reduced. !be myocardiaJ. extraction of oxygen re­

mai.ned significantly reduced follœing reintusion of aJ.l shed blood and 

as the anima.l declined. A reduction in ax:ygen consumption of the heart 

is not synonymous with myocardial anoxia. Following reintusion, coronary 

flow remai.ned belœ control, but systeme àrterial oxygen content remained 

near normal, thus part of the decrease in a:lcygen extraction could be ex­

plained on the basis at myocardial ischemia. It is conceivable however, 

that a prolonged period of hypotension may ha.ve resulted in irreversible 

changes, 118ld.ng the myocardium unable to utllize o:x:ygen. Another possib­

ility is that circulati.ng cardiotoxic products resulting from peripberal 

anoxia, may block enzyme systems preventing myocardial utilization of oxygen. 

It is well lcnown that the m,yocardium is able to choose its fuel from 

a vatiety of foodstut:rs. It is possible to quantitatively determine tbe 

contribution ot fat, carbohydrate, and protein to energy production under 

changi~ conditions. Lactate and pyruvate were utllized as an index tor 

studying changes in JU10cardial metabolism for two reasons. Firstly, the 

myocardium is one ot the major lll&lllll&lian tissues lcnown to utillze lactate 

as a substrate for energy production. Secondly", lactate and pyruvate hold 

a central pœ ition in anaerobie metabolism. 
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The marked elewation of both systemic lactate and pyruvate during 

oligemic shock, and persisting following reinfusion have been reported by 
(81,88) 

several investigators and probably reflects the general tissue 

anoxia seen in shock. A shift towards anaerobie met aboli sm in progressive 

shock is further suggested by an increase in the ratio of lactate to py­
(92,92) 

ruvate in systemic blood. If the myocardium responded to anoxia 

as other argans by an ~ncreased production of lactate 'Via the usual gly-

colytic scheme, one would expect a decreased utilization of lactate and 

even an increase in the coronary venous lactate as compared to systemic 

arterial lactate. Instead, along with the increasing systemic arterial 

lactate, the myocardial extraction of lactate increased significantly both 

during oligemia, and following retransfusion. Total utilization of lactate 

was not significantly altered due to the concurrent fall in coronary flow. 

This increased lactate utilizatiœ may represent a biochemical compensatory 

mechanism to provide an additional source of energy in the face :myocardial 

ischemia and anaerobie metabolism. 

The most striking change in JIIYOCardialliiBtabolism is the progressive 

trend tœard a decreased extraction of pyruvate seen early in hypotension. 

This change becomes more pronounced with the progression of hypotension, 

and persista despite reinfusion of all shed blood. This change could 

possibl7 be related to a destruction of the co-enzyme cocarboxylasw. 
(94) 

Ochoa first obàerved that cocarboxylase is destra,ed under anaerobie 
(95) 

conditions by an enzyme, probably a phœphatase. Greig and Govier 

demonstrated a decrease in co-carboxylase content of muscle in dogs sui-

jected to hemarrhagic hypotension. They postulated that the decrease in 
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co-carboxylase was a result or dephosphorylation, which occurred predo:m-

inantaî'· · in muscle. Tbe7 obtained silllilar resulta b7 rende ring the dogs 

anax:ic b7 inhalation or 10% oxygen mixtures. No measure or DQ'OCardi&l co­

carboxylase was made in this study", a1 thœgh the f'inding or a negative 

m7ocardial pyruvate extraction is consistent vith a disappearance or this 

enzytae in the m70cardiUJ11. This destruction at cocarboxylase is ver,. 

likel7 precipitated b7 a dim:Lnished coronaey flow during h1Potenàion. 

Sim:Uar changes in lll70e&rdial lactate and pyruvate extraction in 
(81) 

hemorrhagi.c shock have been demonstrated b7 Edwards et al and . 
(88) 

Goodale • It is interesting that the changes in lll70C&rdial metabolism 

which developed duri.ng bn>ovolemia vere not reversed with reintusion of 
(89) 

shed blood. Hackel et al also showed tbat t:œ administration of 1-norepine-

phri.ne did not alter the pattern at liJ'OCardial metabolism despite the tact 

that both coronaey flow and systemic blood pressure were returned towards 

control values. !bey concluded that 1-norepinephrine did not correct the 

basic me.tabolic abncrmali ty, and at the sa:rœ tilœ imposed a heavier burden 
(72) 

or work on the heart. Some authors bave even suggested tbat the h1gh 

circulating levels or catecholamines during hJpotension may aggravate the 

altered œtabolic pattern seen in the m;rocaràium f'ollowing hemorrhagic shoclc. 

The above resulta demonstrate the metabolic response of' the liJ'OC&rdium 

to a prolonged period or hypotension. These resulta suggest that myocardial 

ischemia secondllry to a decreased coronaey nov can ini tiate a specifie pattem 

or changes in m;yocardial metabolism. The changes in myocardial metabolism 

are undoubtedly perpetuated by the degree of coronary insufficiency which 

persista following reintusiœ of shed blood. The possibility that a circulating 



-77-

cardiotoxin arising from }l!ripheral anoxie areas turther compounds these 

changes is postulated. 

Thus, it may be reasonably postulated that a f'ailure of myocardial 

energy production occurs f'ollowing a prolonged period of' hypotension, and 

contributes to the observed decline in :myocardi.al contractility. 
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CH.APTER III 

INTRCD UCTION 

The final result of the shock synd:n>Jae of any etiology is determinee! 

by several factors: the pre-shock statua of the organisa, the nature, 

intensit;y arrl duration of action of the etiological agent, the tiaing 

and effectiveness of the applied treataent. The ultiaate aira of any fora 

of treatment is to restare the pre-shock statua and to correct the result­

ing de.ficiencies. An abundant supply of o:x;rgenated blood at a high per-

fusing pressure is the most desirable farm of treatment. 

The resulta presented in this study suggest that the myocardium as 

well as the peripheral vasc~lar bed declines function.all;y after a period 

af hypotension. It is conceivable that the myocardium in shock, could 

benefit from a period of mechanical support. The goal of auch mechanical 

support would be to decrease the work load of the functionall;y deficient 

myocardium and at tœ same time artificiall;y increase coronary blood now. 
This artificial increase in caronary blood flœ wi th the associated in-

creased oxygenation should assist the myocardium toward recavery from 

injury and increase the production of œeful myocardial energy. 

The possibili ty of supporting the heart in failure by mechanical 

:means has been pt"oposed for several years. The four principal means of 

external support of the heart in failure are : 
(96,97,98) 

1. Total heart lung by pass wi th a pump and o.x:ygenator • This 

method bas the ob'Vious disadvantages or requiring major surgery. There are 
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also significant heatocellular and mstabollc changes to be considered, 

vbich 1imit the tim during which external mechanical support can be maint-

ained. 
(99,100). 

2. Veno-arterial pamping vi th out oxygenation • 'l'bis method is 

readily carried out, with very few aide affects in the normal individual. 

It has the disad:vantages of low blood flow rates, am a mrkedl.y 1owered 

peripheral resistance which would prec1ude its use in most shocked states. 
(lOO) 

Patt et al have demonstrated that this method of support cou1d be 

fatal in the presence of cardiac faUure. 
(101,102,103) 

3. Counter pulsation • This method bas been hampered by 

defects in synchronizing pump support with the electrocardiogram particularly 

in the presence of tachycardia or arrhythmias. Another disad:vantage to the 

use of this metbod is the fact that alone, it may maintain existing blood 

pressure, but it cannot significantly elevate blood :r;ressure. Counter­
(103) 

pulsation has been the subject of considerable recent research, and 

with improved timing may represent a promising method for external circul-

at ory support. 

4. Left heart bypass. This method vas developed by Dennis, Hall, Moreno 
(78, 79) (1Cb) 

and Senning , alter Jonson and Karloff perfected a transseptal 
(78,79) 

approach to the left atrium for diagnostic methods. Dennis et al 

demonstrated that left heart bypass vas technicall;y feasible, and appeared 

to reduce myocardial work, and decrease lUJOCardi&l œ;ygen consumption. 
(105) 

Kaon bas recently revieved the entire topic of left heart bypass, and 

applled the method to coronar;y shock, with promising resulta. He demonstrated 

that lett heart bypass was capable of supporting systemi.c arterial blood 
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pressure 1 v hile maintaining ade qua te c aronary now. He als o showed that 

ox;rgen su:wly to the m;yocardium was increased in excess or its requirements •. 

This .method of bypass· dimi.nishes the load of the lef:t'- ventricle by bypassing 

the cardia.c output. It then increases the cardiac output mechanical.l;r with 

ox;rgenated left atrial blood.. It requires very minor surgical procedures, 

and could possibly be utilized clinically in cases of shock refractory to 

med:i,cal therapy. 

'l'he role or mechanical support to th! m;yocardium following hemorrhagic 
(103) 

shock1 has been recently iliV'estigated by Oallaghan et al • 'l'bey used 

an i.mpl"oved technique of counter pulsation on a hemarrhagic shock model. 

'l'he animals in his study vere rapidly bled a fixed volume of blood as de-
1.31 

termined by the I dilution technique, and then maintained in this 

hypovolemic state far 3 hours before the original shed blood was returned 

intravenously. A reduction of mortality rate from 70% in the control group, 

to 32% in the groap treated vith 60 minutes of counter pulsation was de­

monstrated. There vas also a decline in blood lactate levels following 

the period of increased perfus:i,on using counter pulsation. 

It vas of interest, therefore 1 to attempt an evaluation of tl:e eff'ects 

of a period of le.f't heart bypasa following prolonged hemorrbagic shock as 

proposed under section (4) of the original objectives: •An evaluation of 

the use of left heart bypass as a method of supporting the myocardium in 

dogs subjected to 'Pt"Olonged hemorrhagic hJpotension1 vi th particular emphasis 

on the effect it •Y have on myocardial metabolism and contractility." 'l'he 

methode necessary to carry out this part of the investigation were greatly 
(1$) 

facilitated by the work of Keon , who first utilized this procedure in 

this laboratory. 
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METHODS 

1'en large mongrel dogs (average wt of 27 kg) were used in this phase 

of the investigation. 1'he hemorrbagic shock model was identical to that 

described in detail in the f'irst section of this study. Myocardial blood 

flow arrl metaboliSIIl were monitored as outlined in the second portion of 

this study. 

1'he animals were subjected .to stepwise hemorrhage, until a mean 

arterial blood pre,ssure of 30 • of Hg was reached. This blood pressure 

was maintained using the Lamson reservoir until the animal bad spontaneously 

taken back 30% ot the Dll:rlDIUDl bled volume. The animals then bad all re­

maining shld blood reinfused over a 15 to 20 .minute period. All exp!rimental 

variables were documented at regular predetermined intervals, as in the 

.first arrl second part of this study. The animais were then allowed 15 

minutes t 0 assume a lt steady state"' following which a 60 minute period o.f 

le.ft heart bypass was carried out as described below. The animale were 

then manitored until death or marlœd circulatory depression had supervened. 

During the initial cannulations .for each experiment, in this group 

of dogs .a silastic catheter (9 DR intemal diameter) was inserted under 

direct vision into the le.ft atrium, via the atrial appendage. This catheter 

was secured in position Wi th a purse-string suture. The large silastic 

catheter had a amaller central polyvinyl catœter (PE 280) which ran .from 

the le.ft atrium to a transducer via a side arm in the silastic catheter. 

This allowed continuons mani taring of left atrlal pressure. The tip o.f 

the large silastic cannula had a central orifice and .four side orifices 

with a colbined area 50% greater than the cross section of the lumen of 
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the shaft of the cannula. During the production of hemorrhagic shock in 

these dogs, the large silastic catheter vas clampe.d, and only the .central 

polyvinyl catheter utilized to monitor le:t't atrial pressure. The large 

sil.astic catheter in the lert atrium vas adapted to the 10 mm vinyl tubing 

used for the extra-corp<real circuit. 

The extra corporeal circuit consisted or a segment of vinyl tubing 

150 ems in length (I .D. • 10 mm) which ran from the left atri.al silas tic 

catheter to a collapsible 500 cc vinyl bag which served as an expansion 

chamber. The bag vas also connected via a 3 vay stopcock to a blood 

reservoir. A secom segment or vin11 tubing 200 cm. long connected the 

vinyl bag to a 114 Bardic catheter in one of the femoral arteries. 'l'his 

second segment of vinyl tubing was passed through a De Balœy roller pum.p. 

The pri.lling volume of this circuit is 800 ml. This system allows blood 

to siphon from the left atrium to an expansible vin1l bag., and then to be 

pumped back into the femoral artery. 'l'his is a closed system, to which 

blood can be added at any ti me. 'l'he expansible bag was maintained in a 

vater bath 80 ems below the ope ra ting table, helping to maintain blood 

temperature. The blood required to prime the circuit was obtained by · 

bleeding anotœr dog. The blood used in the first four dogs vas collected 

in citrated bottles as by Abbott (Sodium citrate 1.32 grams, and citric 

acid anbydrous 0.44 grams). The blood used to prime the extra-corporeal 

circuit in the last 6 dogs vas colhl cted in 1000 cc siliconized bottles, 

fUled wi th 7$ cc of heparinized saline. 

The extracorporeal circuit vas prilled with blood, and bypass was 

comenced at the appropriate time by rehlasing the clamp on the lert atrial,. 
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cannula, and starting the roUer puç. B,ypass vas carried out far a me 

hour period if possible. At the conclusion or this one hour period, left 

atr.ial, ani femoral lines vere then claaped, and the ani•ls were mani tored 

until death occurred,. 'l'be pmup nœ r•te was adjusted to maintain Mean 

arterial blood }ressure between 100 and 120 IIUR or Hg. 

This group of dogs vere also subjected to a careful autops;r. 

BESULTS 

The dogs responded to the prolonged peJi.od of hemorrbagic shock in 

pr"ecisel;r the sane manner as described in detail in the f'irst section of 

this stud;r. Following complete reinfusion, arterial blocxi pœssure vas 

70% or control, and cardiac output' vas 64% of control. This cardiac out­

put was maintained at a significant el.evatiœ of' lef't atrial pressure 

(144% of control), suggesting a def'inite degree of lef't ventricular failure. 

The coronary sinus now vas 78% of control af'ter complete reinfusion 

of all shed blocxi • 

The pattern of' change in myocardial metabolism was similar to that 

described in the second section of' this stud;r. The most striking change 

vas the progressive trend to a negative myocardial pyruvate extraction. 

The f'irst f'our dogs placed on le.rt heart bJPIIss, all died within 

20 minutes. The pattern or deterioratim in these dogs was identical. 

'I'œy first developed a marked eleYation in central venous pressure with an 

obvious gross dilatatiœ. of the right heart. The heart then becane pro­

gressively more hypodynamic and as;rstole occurred within 20 minutes of' 

the commencement or left heart bypass. It was impossible to maintain a 

mean arterial. blood pressure of 90 • of Hg. because of the progressive 
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elevation of central venous pressure. Any attempts to increase the now 
rate resulted in further dilatation' of the right heart. These four dogs 

ali bad the extra carporeal c:irculation primed with citrated blood. Serial 

+ 
determinations of serum K and arterial pH (fig. 28) were documented in 

ord.er to elucidate this rapid. deterioration ~ter the onset of left heart 

bypass. The possibility that the citrated bloocl used in the prime, played 

a role in the sudden death following bypass lias considered. 

Figure 2~ 
+ 

Serum K (meg./L) 
Control. Pre-b;ypass Post-bypass 

Dog I 4.2 4.6 6.4 

Dog II 4.8 5.1 6.6 

Dog III 4.4 4.3 6.7 

Dog IV 4.4 4.1 9.5 

Arterial pH 

Control Pre-bypass Post-bypass 

Dog I 7.430 7.132 

Dog II 7.320 7.176 7.056 

Dog III 7-378 7.140 7.064 

Dog IV 7.420 7.~0 6.865 

A randan post bypass serum Ca ++ on two dogs revealed moderate !hypo-

calcemia (6.8 and 7.2 mgm/J.OO ml.) 

The remaining six dogs underwent a full hour of left heart bypass 1 

utilizing fresh heparinized bloocl to prime the extracorporeal circuit. 

Three of these dogs declined immediate ].y after bypass was termina ted. They 

died as soon alter reinfusion as the dogs which vere not bypassed. 
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These three dogs also demmstrated a marked elevation of central.venoms 

pressure in crder,to maintain a man arterial' blood pressure above 100 mm 

of Hg on bypass. This elevation of central venous pressure vas associated 

vith an .obv:ious marked dilatation of the right atrium am the right ventricle. 

The remaining three dogs demonstrated a degree of improvement f ollowing 

one hour of left heart "bypass. There vas only minimal elevation of central 

venous pressure in these tl'œee animals. Mean arterial blood pressure was 

elevated to an average of 78% or control compared to a pre-bypass level of 

70% of control. Cardiac output averaged 76% or control post by-pass compared 

to 64% at control pre-bypass. Tlie increase in cardiac output post bypass 

was in the face of a reduced left atrial pressure {pre-bypass 144% of control, 

post bypass 128% of oontrol). These animals vere able to maintain this 

improved statua for an average of 90 Jlli.nutes following bypass. These dogs 

them deteriorated slowl;r to die in an average of 4 hours. In only oœ of 

these dogs was there an1 evidence of retum or reflexes folloving bypass. 

There were no significant changes in the pattem or II)"Ocardial metabo­

lism ar oxygen consumption in any of the 10 dogs, following left heart by­

pass. The resulta vere almœt identical to those described in the second 

section ar this study. Left heart bypass did not appear to influence the 

al tered pattern or DI10Cat'dial metabolism. 

The caron&l"1 sinus flow whUe the animals vere on left heart bypass was 

an average or 178% of control. Coron4r1 sinus fiow was marlœdly elevated in 

all 10 dogs vhil.e on lef't l:aart bypass. 

There vere no signif'ieant elevations of plaSM hemoglobin following one 

hour or left heart bypass. 
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The six d~s which tolerated a full hour or l.ert heart bypass followi.ng 

the prolonged period ar hypotensiœ, all demonstrated an increased bleeding 

terrleney post bypass. It vas necessary to add an average of 1400 cc to the 

blood reservoir in crder to mainta:i.n a satisf'actory flow rate. 
i 

The one hour ~riod ~ left heart bypass' did not alter the autopsy 

f'indings which vere essentially the sue as descrlbed in detail in the 

first sec ti on of this study. In partiœ lar tp.ere vas no significant re­

duction in the occurrence of subendocardi.al hemcrrhages and ~qocardial 

lesions. 

DISCUSSION 

The resulta of left heart bypass in this group of. dogs vere extremely 

disappointing, and somewhat difficult to e.xplain. In retrospect, the model 

used in this study is the most severe possible. It is likely that any form 

of therapy follo'Wi.ng complete reinf'usion of blood, would have been futile. 

The majar criticism ot llOSt experilleDtal aodels used in the study of lert 

heart bypass is the inability to diff'erentiate the ef'fect of bypass on the 

my'OCardium from the beneficial effect on t:œ peripheral circulation. It 

vas felt that the model used in this study, monitoring changes in myocardial 

metabolism, 110uld enable a selective evaluation of the effects of left heart 

bypass on the myocardi.um. The model as developed h01r111ver proved to be too 

severe to evaluate any form of therapy. 

The sudden deterioration of the expulsive power .or the heart in the 

dogs bypassed while the extracorpareal circulation was primed with citrated 
(106) (107) 

blood is very interesting. Rowland , Jennings et al have both 

deseribed a sim:Llar syxxirome following nassive transfusion of the shocked 



-87-

dog with .citrated bank blood. Tœ end result is a combination of severe 

acidosis, hyper Jlalemia and hypocalcemia which ends in progressive cardiac 

atony te:nninating in asystole. The endogenous trend towards acidosis in 

these severely shocked animale as a result of excess lactic acid frOM in­

adequate tissue perfusion and anaerobie metabolism was further compounded 

by the addition of a large volume of acid blood preserved with citrate. 

The findings of severe acidosis, hyper lfalenrl.a and hypocalcemia following 

left heart bypass in the first four dogs suggests that the use of citrated 

blood in the prime may indeed contribute to the rapid cardiac atony which 

developed on bypass. 

The increased perfusion associated with left heart bypass may produce 

a s o-called "wash-out" acidosis as a result of tœ sudden mobilization of 

the products ar anaerobie metabolism accumulated as a result of poor tissue 

perfusion. 

In 7 of the 10 dogs which un:ierwent left heart bypass, right heart 

failure was a limiting factor in maintaining a satisfactory flow rate. 

The presence of a ncrmal right heart is absolutely essential for a satis­

factory left heart bypass. The dogs utilized in this study developed pre­

dominately left heart failure, but undoubtedly suffered damage to the right 

heart also. It is difficult t·o predict the degree that right heart failure 

would be a limiting factor to left heart bypass in a lesa severe hemorrhagic 

shock model. 

Teclmically the left heart bypass achieved in this group of dogs was 

satisfactory. In seven of the ten dogs, left heart bypass was able to 

maintain the systemic circulation and greatly augment coronary flow. The 
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:tact ·tbat m;roCU'dial 0Jt7gen mraction am the al.tered çocardial. meta-

bolic pattel"D vere not illlproved as a result of the ark~ increaaed 

coroDa17 flow, further att8Q8 to the irreversible ll\fOcardial changes in 

'Ulis moda1.. The ~eft heart; appeared to be completeJT decampressed as a 

resul.t ot ~eft heart bypasa.. There was no signi N cant elevation of plasa 

h•oglobin as a result of a one· hour period of lett heart; bypass. Exceasive 

bleeding appeared to develop tollowing a oœ hour period of byplsa, despite 

complete reversal of heparin ettect wi1h protam:l œ. This f'i.Dd:I.Dg was not 

.torther illvestigated in this study. 

It ia :bapossib1e to draw 81lf3' ooncluioœ as to the et.!'ects ot lett 

heart bypass on the D\fOcard:t\lll damaged by prol.cmged bemorrbagic shodc, 

from this stu.cV. The eral.uation or ~e:rt heart bypass in a lesa severe 

hemorrhagic shock model is defi.nitel3 indicated. The entire concept of 

Iilarmaoologic and medlanical support to the c:f..toeulation following hemorr­

hagic shodc, warrants further studl' both experimant;a.J.:q and clinicalq. 



StBŒ' AID CCIICLlJSIOE 

A deta:.Ued investiga:tion ot IQ"'C&&"dia]. f'uœtion follotd.Dg a period 

of prolouged h•orrhagic shock has been carried out usbg an open chut 

caniae experimental aodel. TJ:a ata.d;r utiliud 1ett TeJltr.iœla.r f'aactioa 

CUl"V'es to quantitate J113'0cardial cout,ractilJ.t,.. Simnl.ta:Deous à.rJalpes of 

JÇ"Ocardial blood supp]T and metabol.ism were ade during and following 

prolonged hellorrhag:l.c sb.ock. Tbe possibllit,y of util.iz'Jng lef't beart 

bypass as a method of supportiDg the cirœlation followillg hEmorrhagic 

shock: was inv'eatigat;ed. 

The followi.Dg concl.usiOJ'lS vere made fro• the foregobg study: 

(a) .A si grd t:Lcant decl.iDa in m;rocard1&1 contractil.iv occurs earl.T 

following the induction of hemorlhagic shodc. The decliœ in JV'OC&rdial 

contractllit,r persista following the reiDtusion at all shed blood, and 

becCDes more ma.rked as the animal delierJ.orates tezminaJ..J;v'. I:mmed.i.atelT 

followi.!Jg rei.nfllsion of shed blood, lett ventricalar work was arkedl.T 

below control values in spite ot a sigD.if'icanli elevation ot left atr::laJ. 

pressure. 

( b) There was a concurren.t losa of effective cl.rculati.Dg blood volume 

and a decre&~~ed veDOUS return :tol.l.owi.Dg prol.o~ hEDorrhagic shoclt, as 

evidenced qy the changea in central venous presll11'8 and hematocrit. It 

1s interesti.Dg to postulate that this losa of blood volume cœld mask ar 

m.in1m1ze the degree of nvocardial fail.u:re obs81"9'8d. 

( c) The cbaDges in the electrocardiog1'811 atter the iDduction of 

tvpoteœio:a., suggest DW'Ocardial iscbem:Sa. The changes beoo• more pron­

ouaced suggeating D\fOe&rd:lal necrosis as the du.ration of h7,potellsio:a. 

proceeded. The terminal changes irldicate a coq;tlete loea of neurogenic 

control of the ci.rœ.lator.J' systaa. 



{ d) The dogs 11hich d:l.e follRi.Dg proloaged beaorrhagic shock demon­

strate a V'Pical pattern of rqrocaràial patholog.r. The les:l.ODS vere 

~ su'berldocardial. in location and are characterized 'b7 a super­

fic:l.al haorrhagic &1'8a1 overl.TiDg var,vi.Dg degrees of m.rocardiaJ. necr­

osis, frequentl.y im'olv:I.Dg adjaoeDI; co~c~ fibres. 

( e) !he i.Ddirect estimation of m;rocardial blood :flw durillg haaorr­

hagic shock, support. the bypotbesia tbat tb.ere is a degree of corona17 

insufficienc;y short:cy' followillg indnction of h1PotensiOD. resüti!Jg ia 

m;roeardi&l. iachemia. This pera:Ls'ts follOid.ag the reil2f'asion of sbed 

(f) A. VPJ.~ pat~m of cha.Dges in myocardial metabolism develops 

with the induction of helllorrhagic shock. The changes· beœme more marked 

as h1Potension progresses 1 and rema:i œ unchanged.· :f.'ollowiag :reilltu~n o:f.' 

shed blood. !he aast str:Ud.ng change observed is tbe progressive decr­

ease in m;rocard:lal P.J:rll'Vate e:r:traction, which be.comes nega'hiw jœt prior 

to reinflulion of .shed blood. !his altered mfiabolic ·p&ttern suggests a 

reversion to m;rocardial aœerobic metabolia, COIIlj)Olmdecl~'by the elevated 

lactate &Di Wl"lV&te 1~ as a resalt of geœralized decreae in tissue 

perfusion. 

(g) The severe nature of the experùental modèl used in this study 

malœs it impossible to dra" &n7 valid coDClusioœ reg~ the ue of 

lef't heart bypus as a means of m.ecba:rdcal support to the li\V'Ocardium 

followillg hemorrhagic shock. 
' ' 

The exact degree to which JVOe&rdial failure cout,ribu:tea to the f1œJ. 

fatal ou.tcœe folloring Pl'OlODgecl haaorrhagic shock, rema:iDS to be elucid­

ated. The resüts of this stuqr and recent cl1:nical. studies(37,38) , . 



• suggest that 1Q'OC8.rdiaJ. fajJure mq p1q a sigDif1cauli role iB refractor.r 

hypotension, particala:t'~ in tbe tace of pre-existiDg C01'0JI&17' arter.r or · 

JV"Ocardial iœuf'ficienc;r. 
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