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ABSTRACT

PERIPHERAL VASCULAR MANIFESTATIONS OF MYOCARDIAL

ISCHEMIA IN THE ANESTHETIZED Doc

By

David Edward Dobbins

Collateral-free. innervated, naturally perfused

canine forelimbs were used to study the peripheral

vascular manifestations of myocardial infarction.

An attempt was made to gain insight into changes in

blood volume and forelimb blood flow. which affect

cardiac function and organ function respectively.

From.this knowledge, conclusions can be made as to

whether hemodynamic changes in the periphery contribute

significantly to death during cardiogenic shock. One

week after implanting a catheter into a branch of the

leftcircumflex coronary artery. 0.2 ml. of metallic

mercury was injected into this vessel to produce a

selective embolization of the left ventricle. In a

second group of animals. a large side branch of the

left circumflex artery was ligated upon catheter im-

plantation. This insured the presence of previous

necrotic heart damage at the time of embolization.

All hemodynamic parameters were followed for a period

of four hours. Embolization of the left ventricle.

even in animals with previous necrotic heart damage.

produced only small changes in all parameters studied.



The parameters measured included mean aortic pressure,

forelimb weight, forelimb skin and skeletal muscle

blood flows, vascular pressures in large and small

precapillary and postcapillary vessels and total and

segmental (large artery, small vessel. large vein)

vascular resistances. These changes were not greatly

different from those seen in non-embolized control

animals. However. Lead II electrocardiographic re-

cordings showed elevation of the S-T segment immed-

iately following embolization, indicating the presence

of severe myocardial ischemia. At autOpsy. mercury

was found widely distributed throughout the posterior-

lateral wall of the left ventricle and, in the second

group of animals, anterior infarction was present as

well. These data indicate that selective embolization

of the left ventricle with mercury does not produce

cardiogenic shock in the anesthetized dog. Further-

more, these data clearly indicate that severe left

ventricular heart damage need not result in marked

changes in mean aortic pressure or forelimb skin and

skeletal muscle blood flows, vascular pressures or

segmental vascular resistances.
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INTRODUCTION
 

Myocardial infarction has emerged as one of the

leading causes of death in this country. One of the

grave consequences of myocardial infarction is the

development of cardiogenic shock. While this syndrome

may be exhibited in only 15% of the patients suffering

a myocardial infarction, it has a mortality rate of

75-80%.

One reason for the high mortality rate attendant

with this circulatory derangement. is the lack of

definitive pathophysiological data on this syndrome

upon which effective treatment could be based. This is

especially true with respect to the peripheral vas-

culature. A study was therefore initiated to determine

some of the peripheral vascular effects of myocardial

infarction as complicated by cardiogenic shock. It

is important to know if peripheral vascular factors

contribute significantly to death from this shock

state. Measurements of forelimb blood flows. pressures,

vascular~resistances and weight were made in order

to infer changes in blood volume and tissue blood flow.

Changes in blood volume. via transvascular fluid fluxes

and/or intravascular pooling. affect cardiac function

1
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by affecting venous return and consequently cardiac

filling and stroke volume. Changes in blood flow have

a direct affect on organ function.

Due to the difficulty of obtaining definitive

serial data in a clinical setting, many attempts have

been made to produce an animal model which closely

resembles the syndrome of cardiogenic shock as seen A

in man. In this study. we employed a modification I

of such a model, the mercury embolization technique I.I

developed by Lluch and his coworkers. In the un-

anesthetized dog. this technique results in a trans-

mural infarct in the posterior-lateral wall of the

left ventricle and a shock-like state resembling that

as seen in man (53).

The forelimb was chosen as the test organ in this

study for several reasons. First. it consists mainly of

skin and skeletal muscle. Since these two tissues com-

prise the bulk of the soft tissue body mass, derange-

ments in these two vascular beds could bear importantly

on the response of the body as a whole. Secondly. the

preparation used produces sufficent separation be-

tween skin and muscle to allow analysis of changes

in these two parallel vascular beds. Finally, through

the use of a gravimetric technique, the preparation

allows the study of transvascular fluid fluxes which

are not well understood in cardiogenic shock.
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CARDIAC PHYSIOLOGY

The heart is a unique organ in that its flow to

metabolism ratio is so low. While the heart accounts

for approximately 12% of the total body oxygen con-

sumption. it receives only 5% of the cardiac output.

Relative to its oxygen consumption. this makes the

heart the most underperfused organ in the body. Be-

cause of the heartkahigh oxygen consumption in re-

lation to its low oxygen delivery, the heart has a

low tissue fluid oxygen tension (77.78). A small fall

in the tissue fluid oxygen tension therefore results

in prompt dilation of the coronary vascular bed. The

mechanism of this dilation of the coronary bed is un-

certain. Some investigators believe the low oxygen

tension itself causes the dilation (16.66) while others

believe that the oxygen decrease results in the buildup

of vasodilator metabolites (6.7.36.38). Amoung the me-

tabolites suggested as causing this dilation are Mg+,

K+. H+ and adenosine and the adenine nucleotides.

Concomitant with the coronary vasodilation in response

to a decrease in the tissue fluid oxygen tension in the

heart. is a decrease in the contractile strength of the

heart. This tends to readjust coronary blood flow to

3
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the metabolic rate of the heart. This readjustment

of the flow to metabolism ratio tends to restore the

tissue fluid oxygen tension in the heart. The reg-

ulation of tissue fluid oxygen tension is important

in both the normal regulation of coronary blood flow

and in various pathological states which alter coronary

flow such as atherosclerosis and thrombis.

. A fall in tissue fluid oxygen tension can result

either from an increase in oxygen consumption via in-

creases in heart rate. strength of contraction. de-

creased coronary efficency etc. or by a decrease in

oxygen delivery via a decrease in coronary flow. ar-

terial oxygen tension or carrying capacity of the blood.

- It is clear however. that oxygen is not the sole

local determinant of myocardial strength. It has been

shown that an increase in coronary flow rate. even

with anoxic blood. improves myocardial contractile

force over that seen during perfusion with anoxic

blood at a low flow rate (17).

The coronary circulation is atypical in that not

all of the blood follows the classical artery-arteriole-

capillary-venule-vein pathway (3). The coronary

circulation contains sinusoids (75) which interconnect

with the coronary arteries and the left ventricular

lumen. Studies have shown that under normal conditions.

5% of the left coronary artery flow drains through

these sinusoids and into the left ventricle. The
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coronary circulation also contains Thebesian channels

which provide drainage of arterial blood into both

the left and right ventricular lumens. Flow through

these channels under normal conditions has been shown

to be about 2% of the left coronary artery flow passing

into the left atrium and ventricle and 13% of the left

coronary artery flow draining into the right atrium

and ventricle (59).

Observations made on injected canine hearts (11)

reveals that the large coronary arteries are essentially

true end arteries. i.e. there are few artery to artery

anastomoses which would provide blood to a given cap-

illary field from several arterial sources. This fact

has importance in cases of coronary occlusion. for

when a coronary artery becomes blocked. the capillary

field it supplies is no longer adequately perfused (6).

The coronary arteries give rise to arterioles which

divide by dichotomous branching until the final division

results in two daughter capillaries which often course

off in opposite directions. It appears that a specific

area of a cardiac muscle fascicules is supplied by

several arterioles whose capillaries intermesh (11).

On the venous side. venules receive capillaries from

several arterioles and each venule drains a single

muscle fascicule. The venules in turn join to form

the cardiac veins which in turn pass their blood into

the coronary sinus (10).



MYOCARDIAL INFARCTION

Severe local hypoxia of the heart. due to an ex-

cessive narrowing or occlusion of a coronary artery.

results in several alterations in the physiological

properties of the affected muscle. These effects in-

cludes a diminished force of contraction in the hypoxic

area. an impairment of the area's ability to conduct

a wave of electrical depolarization and an increase

in the irritability of the affected tissue which often

leads to spontaneous depolarizations (26). If the

hypoxic period persists long enough. cell death ensues

and an infarct results. The number of reported cases

of myocardial infarction is on the rise in this country

and myocardial infarction has emerged as a major

health problem. Acute myocardial infarction in the

clinic is frequently found in association with coronary

atherosclerosis. Coronary thrombosis may lead to myo-

cardial infarction as can coronary embolism. although

the latter is rare due to the capacity of the lungs to

filter emboli. Indeed. myocardial infarction can occur

in the absence of coronary occlusion (35).

The prognoses for patients suffering a myocardial

infarction varies widely for myocardial infarction is

not a homogeneous syndrome. The clinical symptoms

and signs displayed by patients with a myocardial

infarction depend on the amount of necrotic heart muscle.

the area of the heart infarcted (i.e. atrial muscle.
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ventricular muscle or specialized conduction tissues)

and preexisting conditions in the patient prior to the

infarct (#7). Clinicians report that cardiac output

is often significantly reduced in patients following

myocardial infarction (25.67) but may be normal or even

elevated in some cases(51). Likewise. total peripheral

resistance may be slightly or moderately elevated

following myocardial infarction but may also be normal.

Mean systemic arterial pressure is usually near normal‘

after infarction but may be slightly depressed. Heart

rate is usually moderately elevated (19). stroke volume

isusually reduced. central venous pressure may be

elevated and circulation time is usually reduced (25.h0.51).

Central blood volume is usually normal and therefore.

the decreased cardiac output results from a decreased

ability of the heart to pump blood rather than from

hypovolemia. Not only do patients often respond poorly

to transfusion following a myocardial infarction but

some investigators find that removal of small volumes

of blood helps to relieve substernal pain without

deliterious circulatory effects (25).

Little clinical data are available on peripheral

blood flow following myocardial infarction. but Lee (51)

has reported a 50% decrease in forearm blood flow as

measured by plethysmography. Hutton et a1 (#6) reported

that normotensive patients had a normal renal blood flow

following myocardial infarction but that patients who
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were hypotensive following myocardial infarction had

reduced renal blood flows.

The picture of experimental myocardial infarction

in the dog is similar to the clinical picture. Again

the changes in various circulatory parameters depends

on the insult applied to the heart. Cardiac output

is usually decreased and total peripheral resistance

isusually elevated (5h.56). Arterial pressure may be

normal (50.5h) or decreased significantly (56). Heart

rate is often elevated and central venous pressure

may also be higher than normal (50.5#.56).

CARDIOGENIC SHOCK

The term cardiogenic shock is applied to the hypo-

tensive state which sometimes follows acute myocardial

infarction (1h). The symptoms and signs most commonly

seen in the clinic are chest pain. hypotension. pale

moist skin. cold extremities. collapsed veins. depressed

sensorium and oliguria or anuria (37). Cardiac output

is often seriously reduced in these patients but is

not so in all cases (14.22). Likewise. total peripheral

resistance may or may not be elevated (34.70.73). The

outlook for patients suffering from this syndrome is

uniformly poor. with a mortality rate of 75-80% (24).

Indeed. cardiogenic shock has emerged as one of the

leading causes of death from acute myocardial infarction

amoung hospitalized patients in this country (9). One

reason that the outlook for patients in cardiogenic
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shock remains poor. is the lack of definitive data on

the pathophysiology of this condition. For obvious

reasons. adequate serial data is very difficult to obtain

in a clinical setting. Consequently. many attempts

have been made to develop an experimental model in

animals which closely resembles the syndrome as seen

in man.

It is believed that the basic defect in cardiogenic

shock is a reduction in the tissue fluid oxygen tension

below which the coronary vascular bed can compensate

for by dilation (37). This results in a fall in tissue

fluid oxygen tension below the threshold level necessary

for mitochondrial oxidative phosphorylation. ATP

synthesis is then shifted to the cytoplasm where it is

accomplished anaerobically with a concomitant great

decrease in ATP production. This deficency in high

energy phosphate production results in a hypodynamic area

in the ventricle. decreased contractile strength of

the left ventricle. decreased cardiac output and sub-

sequent hypotension (3?). Concomitant with the decreased

cardiac output. is underperfusion of the periphery and

the heart leading subsequently to death.

EXPERIMENTAL MODELS

Most experimental models of cardiogenic shock have

been developed in the dog. The dog does not simulate

many of the preexisting conditions that occur in man.

such as atherosclerosis. diabetes mellitus or hypertension.
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but these models have nevertheless provided useful

information and therefore will be described.

Four major models of cardiogenic shock are used.

some more frequently than others.

One model involves the selective ligation of the

coronary arteries until sufficent hypotension is obtained

to satisfy the criteria established for cardiogenic

shock. This procedure (b5.64) causes reduction of cardiac

blood flow with resultant decreases in the contractile

strength of the left ventricle and left ventricular

stroke output. This procedure has at least two in-

herent disadvantages. First. ventricular fibrilation

often occurs before a shock-like state is obtained.

A second drawback to this procedure is that a thor-

acotomy is necessary (52.76). It has been demonstrated

that a thoracotomy in itself alters cardiac output.

possibly subsequent to a decreased venous return and

increased pulmonary vascular resistance (33). Thus.

changes in the cardiovascular system resulting from the

coronary ligation would tend to be augmented by the

changes caused by thoracotomy. This experimental model

is not currently in widespread use.

In another experimental model. hexachlorotetra-

fluorobutane is used as the necrotizing agent (5.12.49).

This agent leads to decreases in left ventricular

dp/dt. total peripheral resistance and cardiac output.

(This model has the disadvantage of producing a high
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degree of ventricular fibrilation. about 50%. It also

produces hemorrhage due to rupture of vessels of ar-

teriolar size. Hemorrhage is uncommon with natural

myocardial infarction. Finally. although fluoronated

hydrocarbons are usually thought to be biologically

inactive. some experiments have shown that they do

produce toxic effects. Thus. the hemodynamic changes

arising from the cardiac necrosis may be augmented

by direct effects of the infarcting agent on the heart

or peripheral vasculature (13). This experimental

model is not currently in widespread use.

A third experimental model of cardiogenic shock

involves the embolization of the coronary arteries

with multiple microspheres (8.3k.69.73), Although

glass microspheres have been used. plaStic spheres of

styrene-di-vinyl copolymer benzene in the range of

250-350 microns are used more often. The microspheres

are usually injected into the aorta at the level of

the coronary ostia. Immediately following embolization.

cardiac output falls to about 50% of it's control value

and remains depressed. Systemic pressure is likewise

reduced by 40-50% and remains at hypotensive levels.

Changes in Lead II electrocardiograms are similar to

those seen with natural infarction. (elevation of the

S-T segment. inverted T-waves and later deeper Q-waves)

and postmortem examination of the heart reveals mul-

tiple infarctions of the left ventricle. The total
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peripheral resistance may or may not increase following

embolization. The lack of an increase in total per-

ipheral resistance. observed by some investigators.

even in the presence of severe hypotension. has been

the subject of widespread investigation. It has been

proposed that this results from initial inhibition of

'the normal baroreceptor response of reflex vasocon-

striction due to increases in the activity of cardiac

vagal afferents whose receptors lie in the ventricle

(49.71.73). It is thought that the increased input

on the vasomotor center from the heart tends toébalance

out the decreased activity from the baroreceptors in

response to hypotension. Whether these receptors re-

spond to paradoxical stretch of the ventricular myo-

cardium in the area of the infarct during systole (15.

48.71) or whether these receptors are chemosensitive

to some substance liberated from the ischemic myo-

cardium- (18). is yet to be established. The value of

such a response is unclear. but this lack of vaso-

constriction soon gives way to the normal baroreceptor.

response of vasoconstriction. The effect of a lack of

vasoconstriction on the ultimate fate of the patient

has not been established. It has been shown that the

' hemodynamic state of an animal at the time of the in-

farction and up to three hours after the infarction

has a pronounced effect on the size of the infarct (60).

Thus. this response may have profound effects on the
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course of the syndrome.

The advantages of this experimental model are

.several. First. it does not require a thoracotomy

and the microspheres themselves are inert. having no

toxic effects. Another advantage of this procedure

is that with doses of microspheres of 2-4 mg/kg and

averaging 325 microns in diameter. ventricular fibrilaa'

tion is minimal and yet acute hypotension accurs.

One of the drawbacks to the use of multiple micro-

spheres to infarct the heart is the possibility of the

microspheres escaping the coronary arteries and in-

farcting other organs. Thus. damage to other organs

may give rise to cardiovascular changes which would

augment those changes resulting from the infarction of

the heart. The percentage of microspheres recoverable

from the heart ranges from about 95% of that injected

(3) to 60% of that injected in a single dose (69).

and may fall as low as 10% of the total injected when

multiple injections are used (69). A second disad-

vantage of this procedure is that it doesn't simulate

natural infarction. i.e. the whole heart is subjected

to multiple small infarcts whereas in the natural

state. one large transmural infarct is usually found.

This experimental model has gained widespread use.

The most recent experimental model developed to

study myocardial infarction with shock. is the selective

embolization of the left circumflex coronary artery
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with 0.2 ml. of metallic mercury (20.53.57.58), This

procedure was originally designed to study various

circulatory parameters in the unanesthetized state.

Immediately following embolizatibn with mercury. cardiac

output falls by 50% and remains depressed and systemic

pressure falls to 70-75% of its control value (27).

Also seen are anuria or oligouria. delayed tachycardia.

depressed sensorium and ECG Lead II changes indicative

of acute myocardial infarction. This syndrome very

closely resembles that as seen in man. Post mortem

examination of the heart shows infarction of the

posterior-lateral wall of the left ventricle. the

posterior papillary muscle. the posterior wall of the

right ventricle and the posterior one half to one third

of the intraventricular septum. Post mortem removal

of the heart and'digestion with KOH results in ap-

proximately a 90% recovery of the mercury from the

heart. The 10% which is not recoverable from the heart

is apparently retained in the coronary arterial tree."

for x-rays of the vital organs. including kidney. liver.

brain. gut. muscle etc. shows no traces of mercury (53).

This is one of the advantages of the mercury embo-

lization technique over the microsphere technique

where some embolization of the kidneys usually occurs.

One of the disadvantages of the mercury embolization

technique is the time course of the resultant hypo-

tension; Immediately after embolization. the systemic
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pressure falls by about 25-30% but remains at this

level until just before death. Thus this procedure

produces a milder hypotension than does the micro- '

Sphere technique. This experimental model is gaining

widespread use.

PERIPHERAL VASCULAR MANIFESTATIONS

Little data is available on the serial peripheral

adjustments during'cardiogenic shock. This includes

information on resistance changes in precapillary

and postcapillary vessels. and differential adjustments

of the vascular resistance and blood flows of the dif-

ferent organs of the body. Hanly et al (41.43) in

experiments with intermittent coronary occlusion. re-

ported that at constant flow there were consistent

increases in vascular resistance of gracili and con-

sistent decreases of resistance in paw. a bed consisting

mainly of skin. In the hindleg perfused at constant

flow (a bed consisting of both skeletal muscle and

skin) these investigators found a decrease in resis-

tance but this decrease was less than that found in

skin alone. Gorfinkel et al (30.31) in studying renal

hemodynamics following mercury embolization of the '

heart. reported a decrease in renal blood flow and a

30% decrease in renal resistance. Henley et a1 (76)

in studying renal hemodynamics following intermittent

coronary occlusion also reported a decrease in renal

resistance. This data agrees with clinical data
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reported by Hutton et al (46) who found decreased

renal flow in patients who were hypotensive following

myocardial infarction. In a companion study on hemor-

rhagic shock by Gorfinkel et al. they reported a 500%

increase in renal resistance with cardiac output and

systemic pressure changes comparable with those in

cardiogenic shock. They therefore concluded that these

two forms of shock have different pathophysiological

pathways and concomitant neuorohumeral adjustments.

Thus. further investigation on the peripheral man-

ifestations of cardiogenic shock is necessary to cor-

roborate these findings and to elucidate the responses

of other organs of the body. Also. there is little

known about transvascular fluid fluxes in cardiogenic

shock. Some investigators report a 10% decrease in

total blood volume in both man and animals (53).

These measurements are made using dye dilution tech-

niques. Unfortunately. this technique does not allow

deliniation of reduced blood volume due to transvascular

fluid fluxes as opposed to a decrease in the effective

circulating blood volume due to intravascular pooling.

Intravascular pooling is known to occur in other

forms of shock such as endotoxin shock (44.74).

According to Pappenheimer (62) transcapillary

fluid flux is dependent on the capillary to tissue

osmotic pressure gradient and the capillary to tissue

hydrostatic pressure gradient. The net osmotic force
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tends to retain fluid within the capillary while the

net hydrostatic force tends to move fluid out of the

capillary. In order to maintain a normal blood volume.

the capillary hydrostatic pressure gradient must very

nearly equal the colloid osmotic pressure gradient.

Therefore. for fluid efflux to occur. the hydrostatic

pressure gradient must excede the osmotic pressure

gradient. This can occur through changes in any of

the four parameters governing these gradients (capil-

lary hydrostatic pressure. tissue hydrostatic pressure.

capillary colloid osmotic pressure and tissue colloid

osmotic pressure).' It is generally accepted that both

the tissue osmotic pressure and hydrostatic pressure

are near zero under normal circumstances. Therefore.

the most important determinants of fluid flux'are the

capillary hydrostatic pressure and the capillary

colloid osmotic pressure. The determinants of the

capillary hydrostatic pressure. Pc. are systemic pres-

sure. precapillary resistance. postcapillary resistance

and right atrial pressure.’ The major determinant of

the osmotic pressure gradient is the permeability of

the microvasculature to proteins. Thus if the 10%

blood volume reduction in cardiogenic shock is an ac-

curate measurement. Pc must rise above capillary os-

motic pressure. GOP. in the face of marked hypotension.

or the COP must decrease below Pc due to an increase in

the capillary permeability to proteins. Whether or

not these changes occur in cardiogenic shock is yet to '
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be established. The deliterious effects of such

changes are obvious. A decreased blood volume would

lead to a decreased cardiac output through decreased

venous return. a situation which could only serve to

accentuate the gravity of the syndrome. Knowledge of

the differential responses of the peripheral circulation

in cardiogenic shock is vital to the management of this

syndrome because peripheral manifestations may ul-

timately supercede central manifestations and be the'

direct cause of death.

PURPOSE OF STUDI

Although the heart has been extensively studied

in cardiogenic shock. there is virtually no data con-

cerning the peripheral vascular manifestations of this

condition. What little data are available is fre-

quently conflicting. This information is need because

peripheral vascular changes indirectly influence

cardiac function. (It is important to know if peripheral

vascular factors contribute significantly to death

from cardiogenic shock. Further investigations are

to be conducted in the renal and splanchnic beds to

shed light on the response of these organs as the con-

tribute to the whole animal response. By laying such a

background. it was hoped that an effective program of

therapy of this circulatory derrangement could be

launched. Indeed. before productive theraputical re-

search can be initiated. the problem dealt with must be

better understood.



METHODS

FEE-EXPERIMENTAL SURGICAL PREPARATION

Adult mongrel dogs of either sex. ranging in

weight from 12-30 kilograms were utilized in this

study. 'All animals were anesthetized with sodium

pentobarbital (30 mg/kg) injected intravenously. The

animals were intubated with a cuffed endotracheal

tube and placed on positive pressure ventilation

(Harvard Aparatus Company) with room air. The thoracic

area on the left side of the animals was shaved and

cleansed with an antibacterial soap (pHisoHex). The“

Operative field was then sprayed with 0.001% merthio-

late. The skin and muscle layers were incised with a

scalpel at the level of the 5th intercostal space.

The pericardium was incised. leaving the phrenic

nerve intact. and the left artium was retracted to

to expose the course of the left circumflex coronary

artery. A small side branch of the circumflex artery

was isolated and a small bore (PE 50) polyethylene

catheter. filled with a 1% heparin solution. was in-

serted into the vessel and advanced in a retrograde

direction to the level of the left circumflex coronary

artery. The catheter was then firmly sewn to the

pericardium and one rib. Before closing the incision.

19
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100.000 units of penicillin G and 125 mg. of dihydro-

streptomycin base were injected into the thoracic

cavity to prevent infection. The pericardium. skeletal

muscle and skin were then sewn together using small

diameter surgical silk (sizes 0 and 000). A latex

drain was inserted into the skin incision to allow for

any drainage from the wound. The distal end of the

cardiac catheter was coiled and allowed to remain under

the skin. These animals were the returned to their

cages and allowed to recover for a seven day period.

All animals were given food and water 9g,;;p during

the recovery period. On the day of the operation

and on three succeeding days. all animals received _

600,000 units of penicillin G and 750 mg. of dihydroe

streptomycin base (I.M.).

In some of the animals. in addition to the above

procedure. a large side branch of the left circumflex

coronary artery was also ligated. This ligation was

performed in order to insure the presence of previous

necrotic heart muscle at the time of the experiment.

EXPERIMENTAL PREPARATION

On the day of the experiment. all animals were

prepared in the following manner. The animals were

anesthetized with sodium pentobarbital (30 mg/kg. IV)

and were allowed to breathe spontaneously through a

cuffed endotracheal tube. The skin of the right fore-

limb was circumferentially sectioned 3-5 centimeters
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above the elbow. The right brachial artery. the fore-

limb nerves ( median. ulnar. radial and musculocu-

taneous). the brachial vein and the cephalic vein were

isolated. The muscle and remaining connective tissue

of the forelimb were sectioned by electrocautery. The

humerus was sectioned and the ends of the bone were

packed with bone wax to prevent bleeding. Therefore.

blood entered the limb only through the right brachial

artery and exited only through the brachial and ce-

phalic veins. The forelimb nerves were coated with

an inert silicone spray to prevent drying. All animals

were then well heparinized to prevent clotting (10.000

USP units).

Forelimb intravascular pressures were measured

with small bore polyethylene catheters (PE 10-60)

inserted into the following vessels: 1) a skin small

artery (the third superficial volar metacarpal artery)

on the undersurface of the paw; 2) a muscle small artery

in the supply to a flexor muscle in the upper portion

of the forelimb: 3)’a skin small vein (the second

superficial dorsal metacarpal vein) on the upper sur-

face of the paw; 4) a muscle small vein from one of the

deep vessels draining a flexor muscle in the middle

portion of the forelimb! 5) skin large vein (the

cephalic vein via the median cubital vein); 6) muscle

large vein (the brachial vein via the median cubital

vein). Small artery cannulae were inserted in a down
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stream direction while small vein cannulae were inserted

in an upstream direction (Figure 1). With the cannulae

so inserted. the vessel acts as an extension of the

cannula and reflects pressure in collatreals distal

to the cannula tip. The pressure so measured is a true

lateral pressure as long as the vessel is patent and

without valves (28.29). This was checked by the ability

to freely flush and withdraw through the cannula.

The brachial and cephalic veins were cannulated

with a short section of polyethylene tubing (PE 320)

3-5 centimeters downstream from the sites of measurement

of large vein pressures. Outflow from both veins

was directed into a reservoir maintained at a constant

volume with a variable-speed pump (Holter Company)

which continually returned blood to the animal via a

cannulated jugular vein (PE 320). Blood flows were

determined by timed collections of the two venous

outflows. In this preparation the median cubital vein

represents the major anastomotic channel between the

brachial and cephalic veins (55). Since this vessel

was ligated in all experiments. the brachial venous

outflow was predominately from muscle and the cephalic

venous outflow was predominately from skin. Although

this preparation does not accomplish complete functional

isolation of skin and muscle blood flows. the degree

of separation is sufficent to permit comparison of re-

sistance changes in these two parallel vascular beds
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(1.2.63).

When all cannulae were in place. the limb was

suspended on a wire mesh platform attached to a sen-

sitive I-beam strain gauge balance which could be cal-

ibrated by adding known weights to the platform (55).

Addition of 2 grams to the platform usually resulted

in a pen deflection of 10-15 mm.

A standard Lead II electrocardiogram was mon-

itored on all animals to determine changes in the

electrophysiology of the heart and to determine cardiac

frequency.

EXPERIMANTAL MANEUVERS

The skin on the left thoracic area of the dog was

incised and the distal end of the cardiac catheter

was exteriorized. Following the establsihment of con-

trol variables. a bolus of 0.2 ml. of metallic mercury

was injected into the cardiac catheter of all animals

in the two experimental groupS. The mercury was

immediately flushed through the catheter with 2.0 m1.

of normal saline. Another group of animals. which

served as controls. were not injected. All variables

were measured 2. 5. 10 and 15 minutes after injection

of the mercury and every fifteen minutes thereafter

until the end of the four hour experimental period.

All animals received supplemental doses of pentobarbiatl

upon exhibiting a corneal reflex. Upon completion of

the four hour period. all animals were sacrificed and
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their hearts excised and examined for the distribution

of mercury and the amount. if any. of previous heart

damage.

DERIVATION OF EXPERIMENTAL RESULTS

Total and segmental (large artery. small vessel.

large vein) vascular resistances in muscle and skin

were calculated by dividing the pressure gradients

(mm Hg) by appropriate blood flows (ml/min/loo grams

forelimb weight). In addition. resistance in total

forelimb and in each of the combined skin and muscle

segments was calculated as follows:

 

Rt8 - Rtm

Total forelimb resistance = W

8

Total forelimb large- I Ra8 - Ram-

artery resistance 3 W

Total forelimb small- ' R(sv)s . R(sv)m

vessel resistance =
R(sv)S + R(sv)m

Total forelimb large- ’ RvS . Rvm

vein resistance = §---§—--
v8 + vm

Where R = resistance in milimeters of Hg per mililiter

of blood flow per minute per 100 grams forelimb weight.

t = total. s = skin. m = muscle. a = large artery.

sv = small vessel and v = large vein.

In this preparation. transvascular fluid fluxes and

vascular volume changes are inferred from changes in

forelimb weight and segmental vascular resistances. The

measurement of arterial pressure and venous pressures

and the calculation of vascular resistances were used
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to elucidate the mechanism of observed changes in _

forelimb weight. Statistical analysis of the exper-

imental data was accomplished with the application of

the Student's t test (paired replica) (21).
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Figure 1. Forelimb preparation showing the location

and placement of catheters for the measure-'

ment of pressures and flows.
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RESULTS

Data presented herein were obtained from 21

mongrel dogs. These animals were divided into three

groups as follows; control animals (n=7). mercury

embolized animals (n=9) and mercury embolized animals

with previous necrotic heart damage (n:5). All data

are presented as the mean value 1 standard error.

Statistical evaluation of the data was accomplished~

using the Student's t test (paired replica). A sta-

tistically significant difference at the p50.05 level

was considered as a true difference within the groups.

Forelimb weight - Table ;_

Forelimb weight increased slightly with time in

all animals. This weight increase was statistically

significant in both experimental groups (p50.05) but

was not statistically significant in control animals.

Mean aortic pressure - Table ;_

Mean aortic pressure was unchanged relative to

 

the control period values from minute 10 to minute

240 in all groups studied. From minute 0 to minute 10

however. mean aortic pressure decreased slightly but

significantly (p50.05) in both experimental groups.

In non-embolized control animals. mean aortic pressure

was unchanged relative to the control period from

minute 0 to minute 10.

28
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Hgg£t_rate - Table ;_

Heart rate decreased with time in all three

groups of animals. 'The decrease in heart rate showed

periods of statistical significance (p50.05) in both

the control animals and animals with previous heart

damage but not in animals embolized without previous 
heart damage. From minutes 2-15. heart rate was

significantly increased relative to the control period

in animals with previous heart damage.

Forelimb vascular pressures - Tables 2.3 and 4

Small artery. small vein and large vein pressures

 
in both skin and skeletal muscle were either unchanged

relative to the control period or slightly but sig-

nificantly (p10.05) decreased relative to the control

period in all groups of animals studied. These changes

 
were greatest in the small arteries.

g Forelimb blood flows - Tables - ;.2 and 3

Skin blood flows were essentially unchanged 
relative to the control period in all animals studied.

Skeletal muscle blood flows displayed greater fluc-

tuations. being either unchanged or significantly

(p50.05) decreased in all animals studied. Total

forelimb blood flow was minimally affected. periodically

being slightly but significantly (p$0.05) decreased

relative to the control period.

Forelimb total and segmental resistances - Tables 4.5 and 6

Total forelimb vascular resistance was essentially

unchanged relative to the control period in all groups
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studied. Total skin resistance was unchanged relative

to the control preiod in all animals whereas total

skeletal muscle resistance increased slightly but

significantly (p50.05) in the experimental animals

but was unchanged relative to the control period in

control animals. Large vein resistances. in both

skin and skeletal muscle. were unchanged relative to

the control period in all animals. Large artery and

small vessel resistances were unchanged in skin and

either unchanged or slightly but significantly (p30.05)

increased in skeletal muscle in all animals.

Lead II electrocardiograms - Figgre 2

Standard Lead II electrocardiograms displayed

gross elevation of the S-T segment. indicative of

severe myocardial ischemai. immediately following

embolization in the experimental animals. This segment

remained elevated throughout the four hour observation

period. A deepened Q-wave was displayed in Lead II

of the animals with previous heart damage. prior to

embolization. No changes were evident in the Lead II

electrocardiograms of non-embolized control animals.

Post-mortem examination of the heart_

Post-mortem examination of the hearts of experi-

mental animals revealed a wide distribution of mercury

throughout the posterior-lateral wall of the left

ventricle. Mercury was also found at times in the left

atrium and the papillary muscles. In animals with

previous heart damage. varying amounts of necrosis was
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observed. The amount of necrosis ranged from large

transmural infarcts to smaller. more patchy areas of

necrosis. This necrosis was located on the anterior-

lateral wall of the left ventricle.
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Figure 2 Electrocardiographic Lead II tracings in con-

trol animals. mercury embolized animals

(group 1) and mercury embolized animals with

previous heart damage (group 2). Chart

speed = 20 mm/second.
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Table 1 Mean values and standard errors for accum—

ulated weight ( Wt.). arterial pressure (AP).

heart rate (Hr.) and total forelimb blood

flow per 100 grams of forelimb weight (Ft/100 G)

in control animals (C. n=7). mercury em-.

bolized animals (Gp 1. n=9) and mercury em-

bolized animals with previous heart damage

(GP 20 11:5). * = P500050
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TABLE 1

éWt.
£2

Time C Gp 1 Gp 2 C Gp 1 Gp 2

-5 0.00 0.00 0.00 130 116 110

12.9 33.7 T-6.7

0 +0.33 +0.86 +0.40 131 115 108

$0.1 t0.6 7-0.4 12.8 21.3 18.0

2 -o.01 +0.79 +0.84 131 104* 102*

10.4 10.7 30.4 13.4 13.2 137.2

5 -o.20 +1.28 +0.96* 1'30 109* 109..

10.5 to.8 $0.5 33.7 $4.3 $7.4

10 -0.20 +1.90 +1.60* 128 116 113

10.5 $0.8 $0.7 $5.6 $5.6 19.5

15 -0.24 +2.55* +2.64* 128 115 116

t0.6 10.9 tour ”54.7 14.7 t7.5

30 +0.06 +0.05% +4.44* 128 114 115

250.7 $1.1 $1.2 14.2 15.0 17.4

60 +1.00 +-5.60* +‘7.36* 124 106* 116

$0.8 $1.1 11.5 ‘35.5 t4.0 “35.2

120 +2.93‘ +7.43* +12.28* 130 105 114

-1.6 ”11.8 "11.3 $5.5 $2.2 16.1

180 +6.09 +8.65* +16.08* 135 106 .116

22.5 12,1. $1.1. i5.5 t3.9 $5.8

240 +5.15 +7.19* +17.76* 127 103 112

13.1 ”52.9 11.6 $6.9 “$3.6 ”$4.0



Time

10

15

30

60

120

36

TABLE 1 cont.

th100 0

C Gp 1

24.2 16.4

t1.4 31.6

24.8 16.1

11.7 $1.5

24.9 13.4*

$1.7 $1.3

23.9 14.6

$1.7 $1.0

22.5* 14.8*

11.8 11.2

22.1* 14.7*

t1.8 t1.2

2301 1h03

$1.8 11.5

23.5 12.2%

$2.2 i1.o

21.7 11.9*

12.5 11.3

22.9 12.9

T-BJ ’12.3

19.6* (10.3

11.7 12.2
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Table 2 Mean values and standard errors for skin

small vein pressure (Pssv). skin large vein

pressure (Plsv). skin small artery pressure

(Pssa) and skin blood flow per minute er

100 grams of forelimb weight (Fe/100 G) in

control animals (C. n=7). mercury embolized

animals (Gp 1. n=9) and mercury embolized

animals with previous heart damage (Gp 2.

n=5). * = p50.05.



Time

10

15

30

60

120

180

240

11.9

14

$1.7

TABLE 2

Gp 2

14

Io,7

14

-o,9

12*

i0.8

12*

11.1

38

Plsv

Gp 1



Time

10

15

30

60

120

180

240

108

“52.0

109

97*

$6.0

80*

-6.9

92

16.1

99
+

15.7

95

-6,9

84*

I56

84*

-303

79*

”5.4.9

72*

I5,L.

TABLE 2 cont.

Gp 2

83

-8.3

82

-807

81

138.0

84

“901'"

89

111.0

87*

18.6

89

”18.4

87

16.6

84

-6.8

85

15.7

79

-5.8
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Table 3 Mean values and standard errors for muscle

small vein pressure (Psmv). muscle large vein

pressure (lev). muscle small artery pressure

(Psma) and muscle blood flow per minute per

100 grams of forelimb weight (Fm/100 G) in

control animals (C. n=7). mercury embolized

animals (Gp 1. n=9) and mercury embolized

animals with previous heart damage (Gp 2.

n=5). * = p50.05._



Time

10

15

30

60

120

180

240

C

15

-1.1

14

7-1.2

14

-o,9

13

I1,o

Psmv

Gp 1

TABLE 2

Gp 2

10

131.5

41



Time

10

15

30

60

120

180

240

103*

14.4

107

14.9

110

t5.7

TABLE43 cont.

Gp 2

88

t3.9

' 88 .

14.4

. 92*

-6.0‘

'_ 95

t6.8

. 93*

FmélOO G

11.2

10.2*

Gp 1

11.4
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Table 4 Mean values and standard errors for skin

large artery resistance (Rsa). skin small

vessel resistance (Rs(s-v) ). skin large

vein resistance (Rsv) and total skin resis-

tance (Rst) in control animals (C. n=7).

mercury embolized animals (Gp 1. n=9) and

mercury embolized animals with previous

heart damage (Gp 2. n=5). 4 = p50.05.



Time

10

15

3O

60

120

180

240
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TABLE 4 cont.

is is:

Time C Gp 1 Gp 2 C Op 1 Gp 2

-5 0.98 0.62 0.58 11.6 15.3 10.3

10.5 1.0.1 t0.2 11.7 2.5 1'16

0 0.90 0.57 0.56 11.4 14.3 11.0

10.4 10.1 10.2 $1.7 2.1 14.0

2 0.88 0.69* 0.56 11.0 15.6 .11-7

'50.4 I0.1 $0.2 11.6 152.4 14.4

5 0.90 0.62 0.64 11.3 14.4 12.4

10.5 i0 1 ' 10.3 11.8 32.2 14.0

10 0.91 0.55 0.57 11.4 15.0 13.2

io.5 $0.1 $0.2 t1.7 43-2.4 15.5

15 0.86 0.51 0.65 11.4 14.8 14.1

”3-0.4 $0.1 $0.3 11.7 i2.3 i5.8

30 0.89 0.54 ' 0.59 11.0 15.3 13.4

10.5 110.1 $0.2 ”51.9 12.3 1:5.5

60 0.85 0.73 0.68 10.2 17.7 13.5

10.4 ’10.2 120.3 3-1.7 ”52.9 2:5.1

120 1.04 0.70 0.63 11.6 17.6 14.3

10.4 $0.2 ”$0.3 $1.3 t3.5 t5.8

180 1.21 0.83 0.70 12.3 17.8 15.5

250.5 10.2 110.3 11.6 354.5 ‘26.3

240 1.51 1.04 0.99 13.7 24.7 16.6

$0.6 10.5 - $0.4 i1.7 136.8 16.2
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Mean values and standard errors for muscle

large artery resistance (Rma). muscle small

vessel resistance (Rm(s-v) ). muscle large

vein resistance (Rmv) and muscle total re-

sistance (Rmt) in control animals (C. n:7).

mercury embolized animals (Gp 1. n=9) and

mercury embolized animals with previous

heart damage (Gp 2. n=5). 4 a p$0.05.



Time

10

15

30

60

120

180

240

2.9

Io,9

4.4

7-1.4

TABLE 5

Gp 2

I1,3

8.9*

11.5

8.6

11.2

9.5*

-0.9'

9.6*

'51.2
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TABLEg5icont,

as. .410.

Time 0 Gp 1 Gp 2 C Gp 1 Gp 2

-5 0.60 0.68 0.19 10.8 17.7 8.7

10.1 io.2 10.1 i1.4 $2.4 t0.9

0 0.58 0.73 0.23 10.7 19.1 8.6

i0.1 i0.2 $0.1 11.4 12.8 i0.9

2 0.58 0.61 0.26 10.9 20.2 9.6*

10.1 10.1 10.1 iiJr I2.5 $1.1

5 0.61* 0.65 0.25 11.7* 20.4 10.0*

10.1 i0.1 to.1 11.5 $2.7 i1.o

10 0.67 0.65 0.17 13.1 22.2* 9.7

30.2 10.1 10.1 11.9 13.4 t1.1

15 0.65 0.66 0.24 13.5* 22.0 10.1

10.2 i0.1 i0.1 $1.8 $3.0 11.3

30 0.53 0.99 0.19 13.1* 23.5 10.0

2'30.1 $0.1 $0.1 $1.8 i3.6 11.5

60 0.52 0.39 0.28 12.5 26.4 210.9"

io.1 ”$0.1 to.1 $1.7 $4.4 $1.6

120 0.52 0.404 0.30 15.7* 28.8* 11.3*

$0.1 $0.1 ‘30.1 13.6 ”54.4 11.5

180 0.41 0.43% 0.30 15.9 31.3* 12.0*

10.1 i0.1 10.1 14.2 2”-5.8 11.2

240 0.53 0.60 0.22 15.4 41.7* 12.1*

10.1 $0.2 $0.1 13.6 38.6 11.5



Table 6

49

Mean values and standard errors for total

large artery resistance (Rta). total small

vessel resistance (Rt(s-v) ). total large

vein resistance (Rtv) and total forelimb

resistance (Rt) in control animals (C. ns7).

mercury embolized animals (Gp 1. n=9) and

mercury embolized animals with previous

heart damage (Gp 2. n=5). * = p10.05.



Time

10

15

30

60

120

180

240 1.9*

Gp 1

1.0

-001

1.0

‘001

0.9

10.2

1.2

1.7*

10.2

50

TABLE 6

Gp 2 C

1.0 4.0

10.1 30.3

1.0 4.0

10.1 10.3

0.8 4.0

10.2 20.3

0.9 4.0

10.1 10.3

0.9 4.3

10.1 10.5

‘1.1 4.5

10.2 “30.5

1.0 4.2

10.2 10.4

1.0 3.

Io,1 to

1.3 _ 4.

11,3 10,7

1.3* 4.4

10.2 10.8

1.4* 3.8

to.2 i0.5



Table 6

49

Mean values and standard errors for total

large artery resistance (Rta). total small

vessel resistance (Rt(s-v) ). total large

vein resistance (Rtv) and total forelimb

resistance (Rt) in control animals (C. ng7).

mercury embolized animals (Gp 1. n=9) and

mercury embolized animals with previous

heart damage (Gp 2. n=5). * = p10.O5.



Time

10

15

30

60

120

180

240

1.2

-o,1

1.6*

‘ 10.2

1.7*

”50.2

1.1

10.2

1.0

i1.0

4.0

11,0

3-8

-00 9

4.2

151.1

4.1

-009



-5

10

15

30

60

120

180

240

0

0.22

1.0.03

0.20

10.03

0.21

10.03

0.21

$0.03

0.21

10.03

0.22

10.03

0.21

130.03

0.22

1.0.02
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DISCUSSION

These data clearly indicate that severe left

ventricular heart damage need not result in signif-

icant changes in forelimb blood flows. pressures

or segmental vascular resistances.

Indirect evidence of left ventricular heart

damage in this study was obtained from standard

Lead II electrocardiograms. Marked elevation of the

S-T segment immediately after embolization and a later

deepening of the Q-wave was observed in the exper-

imental animals. These electrocardiographic changes

are recognized as important. reliable. diagnostic

indices of myocardial infarction (72). Visual.

observation. made at the time of autopsy. served

to confirm the evidence supplied by the electro-

cardiograms. The post-mortem findings revealed a

wide distribution of mercury throughout the left

ventricle where it was observed filling several

epicardial branches of the left circumflex coronary

artery. Autopsy findings also revealed the amount

of previous necrotic heart damage in group 2 exper-

imental animals. This damage ranged from large

transmural infarcts to smaller. more patchy areas of

necrosis.
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In this study. selective embolization of the

left ventricle. even in the presence of previous

heart damage. produced only slight changes in fore-

limb weight. mean aortic pressure. forelimb pressures

and forelimb vascular resistances. These changes

were not greatly different from those seen in non-

embolized control animals.

The absence of the development of prolonged

systemic hypotension in this experimental model is

indeed interesting. There is some data in the lit-

erature to suggest that cardiogenic shock should not

result from this procedure. Page et al (61) in a

clinical study of human hearts. attempted to cor-

relate the mass of ventricular myocardium lost by a

patient with the deve10pment of cardiogenic shock.

In measuring both recent and old infarcts in relation

to total ventricular mass. they found that patients

who had died in cardiogenic shock had lost 40% or

more of their left ventricular myocardium. Con-

versely. patients who had died after myocardial

infarction in the absence of cardiogenic shock had

lost 35% or less of their left ventricular myocardium.

Visual observations of hearts following embolization

with 0.2 ml of mercury suggested that less than

40% of the left ventricular myocardium was lost in

the experimental animals in this study. Regan et

al (65) in studying experimental coronary occlusion.
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concluded that obstruction of a major branch of the

left common coronary artery. in a previously normal

ventricle. is seldom associated with the development

of shock. either clinically or experimentally. The

data obtained in our study would tend to support

this conclusion. Finally. Guyton et a1 (34) in their

computer model of the circulatory system has found

that a 66% decrease in the pumping ability of the

heart resulted in only a 10% decrease insystemic

pressure.

However. there is other data in the literature

to suggest that cardiogenic shock should develop in

this model. The mercury embolization technique was

developed by Lluch et al in unanesthetized dogs (53).

In their study. a 16% decrease in mean aortic pressure

was reported four hours after embolization with

mercury. Unfortunately. they failed to report any

values for control animals after a four hour period.

Marked hypotension was not found by these investi-

gators until approximately 16 hours after emboli-

zation when mean aortic pressure had declined to

70% of the control value. Edelman et a1 (20) in

studying pulmonary performance after mercury em-

bolization of the heart in unanesthetized dogs. re-

ported a 22% decrease in mean aortic pressure four

hours after embolization. Unfortunately. they also

failed to report hemodynamic values in control
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animals after four hours. It is not suggested that

the changes in mean aortic pressure in these two

studies are necessarily artifacts of the preparations.

It is suggested that the 11% decrease in mean aortic

pressure found in our study might not be signif-

icantly different from results obtained in these two

previous studies for which no control values were

reported.

Glenn et al (27) in studying the production of

MDF in the anesthetized. open chest. dog following

mercury embolization of the heart. found a 23% de- .

crease in mean aortic pressure after four hours.

In a series of control animals. no significant change

was found in mean aortic pressure after four hours.

Unfortunately. because this technique involved open

chest. anesthetized dogs. it differed both from the

procedure of Lluch and Edelman and from the procedure

utilized in our study.

More consistent results are apparently found in

cardiac output measurements following mercury em-

bolization of the heart. Cardiac output is usually

reported to fall by 40% or more and remain below

control values until death (20.27.31.53). Although

no measurement of cardiac output was made in our

study. the fact that mean aortic pressure was not

reduced and resistance in the forelimb was only

slightly elevated. suggests that cardiac output was
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perhaps not seriously reduced in this preparation.

It must be pointed out that the technique used

in this study differed significantly from the orig-

inal technique of Lluch (53). All dogs in our study

were anesthetized whereas those in the original study

were unanesthetized. It is difficult. indeed. to

ascertain the effects of anesthesia on the response

following mercury embolization. However. considering

the cardiodepressant effects of pentobarbital. coupled

with the reduced gain of the compensatory reflexes.

one would expect to see the anesthetized animal fare

worse than the unanesthetized animal. not better.

Another significant difference between the Lluch

technique and that employed herein. is that the

former technique makes the entire circumflex artery

liable to embolization while the latter technique

does not subject the most anterior portions of this

vessel to embolization. Thus. it may be argued that

the portion‘of the left ventricle supplied by the most

anterior branches of the left circumflex is more vital

to the maintenance of cardiac output than the more

posterior portions of the ventricle. However. there

is data in the literature to suggest that all portions

of the left ventricle are equally vital to the main-

tanence of cardiac output (61). I

Data on blood volume during myocardial infarc-

tion are exceedingly sparse and conflicting. Some
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investigators have reported a decrease in blood volume

in both man and animals following myocardial in-

farction complicated with cardiogenic shock (53).

In this study. transvascular fluid fluxes and/or

intravascular pooling, are inferred from changes in

forelimb weight and segmental vascular resistances.

An increase in forelimb weight. while resistances

in the small vessel and large vein segments (capac-

itance vessels) are constant or rising. must be at-

tributed to transvascular fluid filtration. That is.

mean vessel caliber is either constant or decreasing.

hence. intravascular blood volume must be either

constant or decreasing. A constant intravascular

blood volume would have no effect on forelimb weight

whereas a decrease in intravascular blood volume

would decrease organ weight. An increase in forelimb

weight. concomitant with a constant or decreasing

intravascular blood volume must therefore be attributed

to transvascular fluid filtration. Transvascular

fluid filtration ensues when the capillary to tissue

hydrostatic pressure gradient exceeds the capillary

to tissue osmotic pressure gradient. Changes in the

‘5capillary to tissue hydrostatic pressure gradient

can occur through changes in systemic pressure. pre-

capillary resistance. postcapillary resistance or

venous pressure. which are the indirect determinants

of Po. the capillary hydrostatic pressure. Likewise.
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changes in the volume and/or compliance of the inter-

stitial space. the«deteranants of tissue hydro-

static pressure. can affect the hydrostatic pressure

gradient. Changes in the capillary to tissue osmotic

pressure gradient may occur through changes in the

capillary osmotic pressure. COP. or the tissue

osmotic pressure. Changes in the protein concen-

tration of the blood affect COP. Changes in the

tissue protein concentration. via changes in the

capillary permeability to proteins or the rate of

fluid removal by the lymphatics. affect the tissue

osmotic pressure.

In both groups of embolized animals in this

study. forelimb weight increased significantly rel-

ative to the control period. by the end of the four

hours. No significant change in forelimb weight

was seen in the non-embolized control animals. Due

to the fact that forelimb weight was increasing con-

comitant with a decreased or constant intravascular

blood volume (i.e. resistances either decreased or

were constant) the weight gain observed in these

animals must be attributed to transvascular fluid

filtration. The minimal changes observed in small

vein pressures. which represent a minimum for P0.

coupled with the insignificant or slightly increased

small vessel and large artery resistances suggests

that an increased P0 is not responsible for the
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transvascular fluid filtration. Perhaps a change

in the capillary permeability to proteins may occur

following myocardial infarction. These findings.

especially the larger weight gain in the animals

with previous heart damage. will require further

investigation in order to clarify their significance.

It is evident that the technique employed in

this study is not associated with the development

of cardiogenic shock. Well over fifty dogs were

utilized in an attempt to find a dose of mercury

which would produce prolonged hypotension. Various -

doses of mercury were injected in many different

ways. The total volume of mercury injected ranged

from 0.1 ml to 10.0 ml. Nowhere in this dose range

was a hypotensive dose found. These data also fail

to support the conclusion by Lluch et al (53) that a

dose of 0.3 ml of mercury results in ventricular

fibrilation in virtually all animals.

Furthermore. if cardiogenic shock is to be

defined as displaying marked systemic hypotension.

the prolonged time course for the development of

hypotension in the Lluch technique makes this tech-

nique of highly questionable value in the anesthetized

dog.

Finally. recent evidence has indicated that this

technique may be far less reproducible than origin-

ally reported. Early papers suggested that 90% of dogs
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embolized with 0.2 ml of mercury could be expected

to develop cardiogenic shock (20). However. in a

recent paper. Gorfinkel et al (31) reported a far

lower percentage of embolized animals developing

cardiogenic shock.



SUMMARY

Severe myocardial ischemia Was produced by

selective embolization of the left circumflex coronary

artery of anesthetized dogs with 0.2 ml of metallic

mercury. Various circulatory parameters were meas-

ured in control animals. mercury embolized animals

and mercury embolized animals with previous necrotic

heart damage. All parameters were followed for a

four hour observation period. Standard Lead II

electrocardiographic recordings showed marked ele-

vation 03 the S-T segment. indicative of severe

myocardial ischemia. immediately following emboli-

zation. No changes were observed in the Lead II

electrocardiograms of non-embolized control animals.

Embolization resulted in a transient. mild hypotension

with mean aortic pressure returning to control values

by minute 10. No transient hypotension was observed

in the non-embolized control animals. Changes in

forelimb weight. large and small precapillary and

postcapillary vessel pressures. skin and skeletal

muscle blood flows and total and segmental (large

artery. small vessel. large vein) vascular resistances

in experimental animals did not differ importantly

61



62

from changes in the non-embolized control animals.

Post-mortem examination of the hearts of experimental

animals revealed a wide distribution of mercury

throughout the posterior-lateral wall of the left

ventricle. In animals with previous heart damage.

varying amounts of necrosis were present from large

transmural infarcts to smaller. patchy areas of

necrosis.

These data. therefore. clearly indicate that

progressive degrees of left ventricular heart damage

need not produce marked alterations in the forelimb

vasculature. Furthermore. these data indicate that

the selective embolization of the posterior-lateral

circumflex coronary artery of anesthetized dogs.

even in the presence of previous necrotic heart

damage. does not lead to the development of cardio-

genic shock within a four hour observation period.

Therefore. it is suggested that the mercury embol-

ization technique for the production of experimental

cardiogenic shock is of highly questionable value

in the anesthetized dog.



BIBLIOGRAPHY



BIBLIOGRAPHY

Abboud. F.M.. "Vascular responses to norepi-

nephrine. angiotensin. vasopressin and

serotonin" Fed. Proc. 27:1391. 1968.

Abboud. F.M.. and J.W. Eckstein. “Comparative

changes in segmental vascular resistance”

in response to nerve stimulation and nor-

epinephrine' Circ. Res. 18:263. 1966.

Agress. C.M.. M.J. Binder. H.I. Jacobs. M.J.

Rosenberg. A. Schneiderman and W.G. Clark.

”Protracted shock in the closed chest dog

following coronary embolization with graded

microspheres" 53; g; Physiol. 170:536.

1952.

Agress. C.M.. H.F. Glassner. M.J. Binder and J.

Fields. ”Hemodynamic measurements in ex-

perimental coronary shock” g; Appl.

Physiol. 10:469. 1957.

Ascanio. G.. F. Berrera. E.V. Lautsch and M.J.

Oppenheimer. “Role of reflexes following

myocardial necrobiosis' gm; g; Physiol.

Berne. R.M.. ”Regulation of coronary blood flow“

Physiol, Rev. 44:1. 1964.

Berne. R.M.. "Cardiac nucleotides in hypoxia:

possible role in regulation of coronary blood

flow” Am. g; Physiol. 202:317. 1963.

Bloch. J.H.. C.A. Pierce. W.G. Manax. G.W. Lyons

and R.C. Lillehei. ”Experimental cardio-

genic shock” Archa Surgery 91:77. 1965.

Bradly. R.D.. B.S. Jenkins and M.A. Branthwaite.

”The influence of atrial pressure on cardiac

performance following myocardial infarction”

Ciro. 42:827. 1970.

63



10.

11.

12.

13.

14.

15o

16.

17.

18.

19.

20.

21.

64

Bradfonbrener. M.. ”Left ventricular blood

supply from sources other than the left

coronary artery“ g; Appl. Physiol.

27(3)'313: 1969.

Brown. R.E.. "The pattern of the microcirculatory

bed in the ventricular myocardium of domestic

mammals" Am. g; Anatomy 116(2):355. 1965.

Bynum. T.E.. G.F. Brobmann. E.D. Jacobson and

04K. Su. ”Comparison of early hemodynamics

in three forms of shock in dogs“ Proc.

Soc. ExplI Bio, Med. 136:601. 1971.

Chenowith. M.B.. L.P. Mc Carty. ”On the mech-

anism of the pharmacophoric effects of

halogenation' Pharmacol. Rev, 15:673.

1963.

Cohn. J.M.. ”Myocardial infarction shock re-

visited” Am. H; g; 74(1):1. 1967.

Constantin. L.. ”Extracardiac factors contrib-

uting to hypotension during coronary occlusion"

Am, g; Cardiol. 11:205. 1963.

Crawford, D.G.. H.M. Fairchild and A.C. Guyton.

"Oxygen lack as a possible cause of reactive

hyperemia” Am. g; Physiolg 197(3):613.

1959.

Daugherty. R.M.. J.B. Scott. J.M. Dabney and

F.J. Haddy. "Local effects of 02 and C02

on limb. renal and coronary vascular re-

sigtance' gm; g; Physiol, 213(5):1102.

9 7.

Dawes. G.S. and J.H. Comroe. 'Chemoreflexes

from the heart and lung” Physiol, RevI

34:167. 1954.

De Sanctis. R.W.. P. Block and A.M. Hutter.

'Tachyarrhythmias in myocardial infarction”

Ciro, 45:681. 1972.

Edelman. N.H.. H.J. Gorfinkel. S. Lluch. A.

Gottschalk. L.J. Hirsch and A.P. Fishman.

“Experimental cardiogenic shock: pulmonary

performance after acute myocardial infarc-

tion” Ag; g; PhysiolI 219(6):1723. 1970.

Edwards. A.L.. Statistical Methods (2nd edition)

Holt. Rhinehart and Winston. 1967.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

65

Fantini. F. and P.T. Scarpelli. 'Hemodynamic

alterations in acute myocardial infarction

with shock” Amer. H; J; 78:834. 1969.

Ferguson. T.E.. G.W. Shadle and D.W. Gregg.

”Effect of blood and saline infusion on

ventricular end diastolic pressure. stroke

volume and cardiac output in the open and

closed chest dog“ Circ. Res. 1:62. 1953.

Friedberg. 0.1.. 'Gen§ral treatment of acute

myocardial infarction" Ciro. 40(suppl 4):

252. 1967. .

Fries. E.D.. H.W. Schraper. R.L. Johnston'and

G.E. Schreiner. 'Hemodynamic alterations

in acute myocardial infarction. I: cardiac

output. mean arterial pressure. total

peripheral resistance. ”central” and total

blood volumes. venous pressure and average

circulation time" Q; Clin, Invest.

313131. 1957.

Fulton. J.P.. editor. Howell's Te tbook of

Physiology W.B. Saunders Co. 1946.

Glenn. T.M.. A.M. Lefer. J.B. Martin. L.W. Lovett

J.N. Morris and S.L. Wangensteen. ”Pro-

duction of myocardial depressant factor in

cardiogenic shock" Am. H; g; 82:78. 1971.

 

Grega. G.J.. J.M. Schwinghamer and F.J. Haddy.

”Changes in forelimb weight and segmental

vascular resistances following severe hemor-

rhage” Ciro. Res. 29:691. 1971.

Grega. G.J.. R.L. Kilne. D.E. Dobbins and F.J.

Haddy. ”Mechanisms of edema formation by

histamine administered locally into canine

forelimbs" Am; g; Physiol. (In press)

Gorfinkel. H.J.. J.P. Szidon. L.K. Hirsch and A.P.

Fishman. ”Renal hemodynamics in cardiogenic

shock" Clin. Res. 18:524. 1970.

Gorfinkel. H.J.. J.P. Szidon. L.J. Hirsch and A.P.

Fishman. Renal performance in experimental

cardiogenic shock“ gm; g; Physiol,

22231260. 1972.

Gunner. P.M.. A. Cruz. J. Boswell. B.S. Co. R.J.

Pietras and J.R. Tobin. ”Myocardial in—

farction with shock“ Ciro. 33:753. 1966.



33.

340

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

66

Guyton. A.C.. Textbook of Medical Physiology

W.B. Saunders Co. 1971.

Guyton. A.C.. T.C. Coleman and H.J. Granger.

”Circulation: Overall regulation" Ann.

Rev. Physiol. 34:13. 1972.

Hackel. D.B.. E.H. Estes. A. Walston. S. Koff and

E. Day. “Some problems concerning coronary

artery occlusion and acute myocardial in-

farction" Suppl 4. Circ. 39.40:31. 1969.

Haddy. F.J.. ”Physiology and pharmacology of the

coronary circulation and myocardium. par-

ticularly in relation to coronary artery

disease” Am. g; Med. 47:274. 1969.

Haddy. F.J.. "Pathophysiology and therapy of

the shock of myocardial infarction” Ann.

Internal Med. 73(5):808. 1970.

 

Haddy. F.J.. and J.B. Scott. 'Metabolically “

linked vasoactive chemicals in local reg-

ulation of blood flow" Physiol. Rev.

48(4):680. 1968.-

Hammond. G.L. and R.A. Moggio.' ”Function of the

microvascular pathways in coronary occlusion"

Am; g; Physiol, 220(5):1463. 1971.

Hamosh. P. and J.N. Cohn. “Left ventricular

function in acute myocardial infarction"

g; Clin. Invest. 50:523. 1971.

Henley. H.G.. J.C. Costin and N.S. Skinner.

"Differential reflex adjustments in cutan-

eous and muscle'vascular beds during experi-

mental coronary artery occlusion' gm; g;

CardiolI 27:513. 1971.

Hanley. R.C.. A.E. Raizner. T.V. Inglesbry and N.S.

Skinner. “Response of the renal vascular

bed to acute experimental coronary artery

occlusion” Am; g; Cardiolg 29:803. 1972.

Hanley. H.G.. J.C. Costin and N.S. Skinner.

”Differential reflex adjustments in cutaneous

and muscle vascular beds during coronary

occlusion“ ClinI Res, 18:311. 1970.

Hinshaw. L.B.. J.A. Vick. M.M. Jordan and L.E.

Wittmers. ”Vascular changes associated with

the development of irreversible endotoxin

shock” Am; g; Physiol. 202:103. 1962.



LL50

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

67

Hood. W.B.. B. McCarthy. B. Letac and B. Lown.

”Plasma clearance of indocyanine green

following experimental myocardial infarction

in dogs” Proc. Soc, Exp. Big. Med-

29.2! 19680

 

Hutton. I.. R.M. Lindsay. A.T. Pack and T.D. V.

Lawrie. ”Clinical significance of renal

hemodynamics in acute myocardial infarction”

Lancet 2:123. 1970

James. T.M.. ”The role of small vessel disease

in myocardial infarction” Ciro. Suppl. (4)

39:“0313: 1969.

Kezdi. P.. R.K. Kordenat. S. Misra and J.W.

Spickler. from the Annual Work in Progress

Report. page 15. Cox Heart Institute.

Kettering Medical Institute. Dayton Ohio 1971.

Koletat. T.. G. Ascanio. R.J. Tallarida and M.J.

Oppenheimer. “Action potentials in the

sensory vagus at the time of coronary

ingarotion” Agg'gL Physiol. 213(1):?1.

19 7.

Kumar. R.. G.V.R.K. Sharma. F.A. Molokhia. J.C.

Norman. A.N. Inamdar. J.V. Messer. W.H.

Ableman and W.B. Hood. "Experimental

myocardial infarction" Ciro, 45:55. 1972.

Lee. G.deJ.. ”Total and peripheral blood flow

in acute myocardial infarction” British

EEEEI Ea 19:117. 1957. '

Levy. M.N.. and A.L. Frankel. "Vasomotor re-

sponses to acute coronary occlusion in the

dog“ AmI g; Physiol, 213(1):71. 1967.

Lluch. S.. R.C. Moguilevsky. G. Pietra. A.B.

Schaffer. L.J. Hirsch and A.P. Fishman.

”A reproducible model of cardiogenic shock

in the dog“ Ciro, 39:205. 1969.

Mendlowitz. M.. G. Schauer and L. Gross. ”Hemo-

dynamic studies in experimental coronary

occlusion“ gm; Heart.gL 13:664. 1937.

Miller. M.E.. Guide to the Dissection of the Do

(3rd edition) IKE Iifior: Edwaras Bros. 1952.



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

68

Misra. S.N.. E.L. Stanley and P. Kezdi. "Hemo-

dynamic trends in acute myocardial infarction”

Clin. Res. 17:515._1969.

Misra. S.N. and P. Kezdi. 'Reevaluation of drug

therapy in cardiogenic shock” Clin. Res:

198645, 1971-

Misra. S.N. E. L. Stanley and P. Kezdi. “Pharma-

cological augmentation in experimental

myocardial infarction and shock” Clin. Res,

19‘6““! 19710

Moir. T.W.. T.E. Driscol and R.W. Eckstein.

”Thebesian drainage in the left heart of

the dog” Cirol Res. 14:245. 1964.

Moroko. P.R.. J.R. Kjekshus. B.E. Sobel. T.

Watanabe. J. Covell. J. Ross and E. Braunwald.

"Factors influencing infarct size“ Ciro.

“3‘67: 1971.

Page. D.L.. J.B. Caufield. J.A. Kastor. R.W.

DeSanctis and-C.A._Sounders. ”Myocardial

changes associated with cardiogenic shock"

Ngw England 3; Med, 285:133. 1971.

Pappenheimer. J.R. and A. Soto Rivera. I'Effective

osmotic pressure of the plasma proteins

and other quanities associated with the

capillary circulation in the hindlimbs of

cafig.and dogs" Am; i; Physiol. 152:471.

19 .

Parker. P.E.. D.E. Dobbins. W.J. Weidner. F.J.

Haddy and G.J. Grega. “Effects of hemor-

rhagic. endotoxin and catecholamine shocks

on the canine gracilis muscle vasculature”

Proc. SocI Exp. BioI Med._ 138(3): 971.1971.

Rees. R.J. and V.J. Bedding. ”Experimental

° myocardial infarction in the dog” Circ.

Res. 2531619 1969.

Regan. T. S.. A. J. Passannante. M. I. Kahn. H. A.

Oldewurtel and M. U. Jesrani. ”Influence

of scar on left ventricular performance at

the onset of myocardial isohemia:Shock

versus heart failure” g; Clin. Invest:

50153“: 1971:



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

69

Ross. J.M.. R.M. Fairohild. J. Weldy and A.C.

Guyton. 'Autorgeulation of blood flow by

oxygen lack? Am; g; Physiol. 202:21. 1962.

Smith. W.W.. N.S. Wikler and A.C. Fox. ”Hemo-

dynamic studies of patients with myocardial

infarction” Ciro. 9:352. 1954.

Stish. R.J.. L.D. Maclean and M.B. Visscher.

“A device for continuous recording of weight:

change suitable for physiological measure-

ments" g; Appl,_Physiol.. 9:297. 1956.

Stone. H.Z.. V.S. Bishop and A.C. Guyton.

' ”Cardiac function after embolization of

coronary arteries with microspheres”

Am; g; Physiol. 204:16. 1962.

Swan. H.J.C.. J.S. Forrester. R. Danzig and H.N.

Allen. ”Power failure in acute myocardial

infarction" Prog. Cardiovascular Disease

12:568. 1970.

Tatooles. T.S. and W.C. Randall.. ”Local ven-

tricular buldgeing after acute coronary

occlusion” Am. g; Physiol. 201:451. 1961.

Toyoshima. H.. M. Prinzmetal. M. Horiba. T.

Kobayashi. Y. Mizuno. R. Nakayama and K.

Yamada. "The nature of normal and abnormal

electrocardiograms” Arch. Intern. Med.

115:4. 1965.

Toubes. D.B. and M.J. Brody. ”Inhibition of

reflex vasoconstriction after experimental

coronary embolization in the dog" Circ. Res.

26:211. 1970.

Tsagaris. T.J. and C. Muktar. ”Central blood

volume during endotoxin shock in dogs"

Am2 g; Physiol. 212:498. 1967.

Wearn. J.T.. S.R. Mettier. T.G. Klimpp and A.B.

Zschiesohe. “The nature of the vascular

communications between the coronary arteries

and the chambers of the heart“ Am; Heart g;

93143: 1933.

Wegria. R.. G.W. Frank. G.A. Misrahy. H.H. Wang.

R. Miller and R.B. Case. ”Immediate hemo-

dynamic effects of acute coronary artery _

occlusion” Am; g; Physiol. 177:123. 1954.



77.

78.

70

Winbury. M.M.. H.R. Weiss and B.B. Howe. “Effects

of Beta-adenoreceptor blockade and nitro-

glycerin on myocardial oxygenation”

European g; Pharm. 16:271. 1971.

Winbury. M.M.. B.B. Howe and H.R. Weiss. "Effect

of nitroglycerin and dipyridamole on epi-

cardial and endocardial oxygen tension:

further evidence for redistribution of

myocardial'blood flow” J. Pharm. Exp.

Theraputics 176:184. 197T.



MICHI AN STATE UNIVERSITY LIBRA I 8RE

3 1293 030714913

IIIIIII

  


