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INTRODUCTION
I. EARLY HISTORY OF SHOCK

The clinical pieture of lost sensibility, pallor, nausea,
muscle weakness, and syncope, as well as death, following the
application of violent forces to the body was undoubtedly
evident to the ancients., However, the first description of the
¢linical pieture of shock, as we know it todsay, did not appear
in the literature until the late 16th century. In 1575,
Ambroise Paré commented on a deathlike state, which he called
"commotion" and described as being "caused by falling from a
high place on something soclid and hard, or by blows causing
contusions, such as stone or mass, or the blow of a lance, or
an artillery blow, or thunder falling near a person, or other
similar things". Moreover, Pare noted that convulsions
followed the loss of blood, and death resulted if there wsas no
replacement of blood. For the next one-hundred and fifty
Years, clinicians attempted vigorously, yet unsuccessfully to
replace £luids by blood transfusions.

It was not until the early 18%h century that the physician
became more sophisticated in his physiological description and
explanation of the shock-like state. In 1733 the Reverend
Stephen Hales performed what are now regarded as his classical
experiments upon animals. He became the first person %o

measure the venous pressure in animals in additiom to recording
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factors affecting blood pressure, He noted the presence of a
marked vasoconstriction in exsanguination,

The French surgeon, LeDran, (1743) is credited with using
the word "choo" for the first time., However, it is felt by
most medical historians that he used it to designate the act of
collision rather than the resulting functional damsge, TYet, in
spite of this discrepancy, the English tranmslation of his work
is very eloquent and surprisingly aecurate. "The bullet...
thrown by the gun powder acquires such rapid force that the
whole animal machine participates in the shock snd agitation,
The vessels become constricted as if surrounded with a 1igatur01
and hence the stream of animal spirits become intercepted or
entirely suspended. There is a universal coldness due to this
interruption of the fluids, and capillary flow is choked up.
Syncope results due to three causes: 1., Sudden suspension of
nervous fluid; 2., Spasmodie convulsion in the fibers of the
heart; 3. ILoss of fluid in hemorrhage. In shoek the digorder
of the machine may be increased by the succeeding pain, by wans
of sleep and rest, and by fluids extravasated into the circume
ference of the wound". He suggested transfusion to build up
the patient's strength.

During the next one~hundred and fifty years more accurate
clinical observations of shock were made. Moreover, it
gradually came to be appreclated that shoek-producing agents

need not necessarily be violent or even obvious, although the
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word shock was used in many instances where it would not apply
in its moderﬁ usage today, Finally, the accumulation of
physiological knowledge on the control of the circulation
served to focus attention on circulatory failure as the im-
portant feature of shock. Paralysis or inhibition of the
vagomotor center, pooling of blood in the asbdominal vessels,
and hypotension were regarded as sequential events., No cone
sensus existed as to whether the nervous symptoms were primary
or secondary to the fall of arterial pressure, Obviously,
various hypothesis were suggested which were neither conclusive
nor adequate. With the beginning of the twentieth century,
investigators began to attempt to elucidate the subject of
shock by experiments,

The first significant experiments were performed by Crile
in 1899, He produced shock in various ways, and since the
blood pressure could be quickly and temporarily restored by
intravenous infusions, he concluded that the capacity of the
heart to pump blood was not affeeted, and that peripheral
circulatory failure was a major factor. He concluded that the
vasomotor center must be exhausted. Henderson (1908,1910)
studied various alterations of the c¢ireulation in shock pro-
duced by manipulating the intestines of anesthetized dogs.
During the period that occurred preliminary to shock, the
cardiac volume curve declined markedly because of inadequate

diastolic filling, and that it occurred before any decline in
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blood pressure. When blood flow had diminished to about 30%
of normal, the arterial pressure began to fall rapidly.
Infusions of saline solutions administered intravenously
restored the volume curve and blood pressure to normal,
Therefore, this decrease in cardiaec output was not due to a
decline in cardiac function, but to a diminished venous
return to the heart.

Laboratory studies during the early 20%th cantury and
through World War I continued to indicate that the action of
the heart and its innervation was not disturbed, Interest in
this period focused chiefly on the location and nature of the

peripheral vascular changes.

II. RECENT INVESTIGATIONS OF THE HEART IN SHOCK

However, with the outbreak of World War II, the develop-
ment of more refined methods of measuring cardiae output,
intracardiae pressures, and cardiac volume changes enabled
the investigator to again focus his attention upon the hemo-
dynamic changes in the heart in shock. These investigations
were initiated by Wiggers and his co-workers. They found
that animals kept for 90 and 45 minutes at mean blood
pressure levels at 50 and 30 mm Hg respectively showed no
reduction in the effective venous pressure despite the post-
infusion decline in the cardiaec output, which occurred when

the animals were essentially normovolemic. Their animals
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exhibited a "flattening" of the right ventricular pressure
curve during the late oligemic and normovolemic stages, which
they suggested to result from a reduction in the myocardial
expulsive power during shock. Kohlstaedt and Page (1644),
recording volume changes of the ventricles in the closed-chest
animal by the teehnique of Boyd and Patras (1941), found thet
progressive bleeding led to a decrease in heart size. As
circulatory failure progressed after the cessation of bleeding,
both the systolic and the diastolic size increased, the former
nore rapidly than the latter, Thus the stroke volume was
apparently less, the residual volume was augmented, and the
ventricles dilated.

The appearance of myocardial failure was originally
posbulated by Wiggers (1944) to be due to coronary insufficien-
¢y, although Opdyke and Foreman (1947) suggested that despite a
marked reduction in coronary flow, it was consldered adequate
in view of the reduction in cardiac work. However, Sarnoff
et al (1954) presented evidence to show that a rise in left
atrial pressure during hemorrhagic hypotension was reversed by
perfusion of the left common coronsry artery.

More recently, Crowell and Guyton (1961) found an increase
in the left atrial pressure at the onset of autoinfusion, in
doge maintained at a mean blood pressure of 30 mm Hg for 90
minutes. In another series of experiments (1962) they observed

that the infusion of large volumes of blood was incapable of
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maintaining the cardiac output in a similar preparstion despite
marked increases in filling pressures. In two experiments,
improvement was only manifested when the'cardiac glycoside,
Ouabain, was used. lMcPherson and Haller (1963), however, using
esgsentially the same experimental procedures as Crowell and
Guyton, found that the use of Ouabaln did not correct, prevent,
or significantly alter irreversible shock in dogs. Although
they felt that myocardial failure occurs in shock, it did not
appear to be related to the onset of irreversibility. They
concluded that any correction of myocardial failure by Ousbain
did not affect the course of irreversible shock. They did fimd,
however, that dogs given Ouabain prophylactically had an ine
creased survival time. Gomez and Hamiltom (1962) also found
evidence of cardiac failure in dogs maintained at a mean blood
pressure level of 30 mm Hg for 90 minutes and then reinfused.
Moreover, they observed that cross-clamping below the arch of
the aorta for various periods of time resulted in peripheral
hypotensiocn that still produced irreversible shock and cardisc
failure even though the brain and heart were perfused at mean
pressures of 100 mm Hg.s From these observations they concluded
that the cardiae failure was secondary to a humoral agent from
peripheral tissue.

Finally, Rothe and Selkurt (1964) found that various
levels of hemorrhagic hypotension resulted in changes of

cardiac performance in such a manner that the function of the




heart seemed to be inversely proportional to the severity or

duration of hypotension.
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METHODS AND PROCEDURES

Ten mongrel dogs, varying in weight from 13 to 21 kg were
anesthetizged with 30 mg/kg of sodium pentobarbital injected
intravenously., The trachea was cannulated and attached to an
Enseo respirator, which supplied continuous positive pressure
respiration., A left thoracotomy was then performed through the
5th intercostal space and the gxyasur@ wag increased by cutting
the firast through fifth ribs along the left sternal border. A
pericardial oradle was then prepared to suspend and expone the
atria and ventricles. Right and left atrial pressures were
recorded from these appenﬁages with short polyethylene (no. 19)
catheters, Right snd left ventrioular pressures were recorded
from catheters (no. 18) inserted through the walls of both
chambers., The intracardiac cathoters were connected to Statham
pressure transducers (Model 21 Db), which in turn were recorded
on a 4-channel Grass Polygraphe The left femoral artery and
vein were exposed for bleeding and the infusion of blood
reSpectivaly while the right femoral artery was cannulated and
connected to a Hg manometer for visual monitoring of mean
arterial blood pressure., The coagulation of blood was pre-
vented by a priming dose of 5 mg/kg of Heparin followed by a
maintenance dose of 2,5 mg/kg every hour during the course of
the experiment,

After control records were taken, the dogs were bled to a

mean blood pressure of 40 mm Hg, and were maintained at this
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level from three to four hours, or until the animals no longer
maintained this pressure with small infusions of blood. The
total bled volume of blood was reinfused at room temperature at
a rate of 30 ml, per minute, In two of the ten dogs the post-
infusion pressure was followed until it declined to 40 mm Hg,
Records of sll pressure parameters were taken every 30 minutes
during the oligemic period. During the postinfusion period,
records were takem every %0 minutes or more often during tre
progressive fall of the arterial pressure in the terminal stage|
At the conclusion of the experiment, the heights from the level
of the pressure transducers to the point of insertion of the
respective catheters in the myocardial walls were carefully
measured, This was done to determine the hydrostatic factors,
which were added ?o the recorded pressure to get the "true"
intracardiac pressure. In four dogs, control experiments were
performed to determine the effects of cardiae catherization
for four to five hours in open-chest dogs not in shock.

In another group, six closed-chest dogs, anesthetized with
sodium pentobarbitszl, were studied to determine the effects of
the drug Ouabain on the heart in irreversible hemorrhagiec
shock. The shock procedure was the same ag that described for
the open-chest dogs with catherization of the cardise¢ chambers.
The trachea was entubated and the left femoral artery was
cannulated and conneeted to a mercury manometer for monitoring

the mean blood pressures, Systolic and diastoclic blood
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pressures were measured from a Sanborn differential transducer
(Model #267). The right external Jugular vein was catherized
with two radiopagque (no. 5) catheters, which were passed to the
Junction of the inferior and superior vena cavae as determined
by the characteristic of the pressure pulse (Burch 1950).
Verification was also obtained by postmorten examination. One
catheter was used for recording the central venous pressure,
while the other was used for the injection (1.25 mg) of the
indocyanine green used for determining the cardiae output by the
dye dilution method of Hamilton (1962) and Stewart. Blood was
passed through a Gilford densitometer from a catheter passed
into the left common carotid artery, and from the densitometer
it was returned at a rate of 30 ml/min to a femoral vein by
means of & Sigma motor pump. The mean arterial pressure, dye
dilution curves, and the central venous pressures were recorded
on a Sanborn Recorder, Model 150, When the animals were no
lonzer able to maintain a mean blood pressure of 40 mm Hg
pressure, they were divided into two groups. Three of the six
dogs received 0.035 mgm/kg of Ouabain intravenously prior to
the reinfusion of the bled volume, while in the remaining three
dogs an equal does of Ouabain was administered 20 minutes after
the reinfusion of the bled wvolume. Both groups of dogs were
observed until the mean blood pressure had declined to

approximately 40-30 mm Hg.
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RESULTS

In Pigure 1 changes in heart rate, mean blood pressure,
right and left mean atrial pressures, and left and right ven-
trieular systolic and end-diastolic pressures are shown for one
dog during the oligemie, normovolemic, and terminal periods of
hemorragic shock. The figure shows that during the oligemie
stage all of the pressures dropped below control wvalues, rose
immediately after reinfusion, and subsequently declined again
during the normovolemie or postinfusive astage. However, in the
terminal stage of the experiment, when mean blood pressure had
dropped to 30 mm Hg., ventricular asystolie bressures continued
to decrease, while ventricular end-diastolie pressures, as well
as right and left mean atrial pressures rose rather significant-
ly above control values until the heart fibrillated and the
animal expired, Table #1 summarizes data in eight doge recorded
during the control period, two hours after bleeding, immediately
prior to reinfusion, one-half and one hour after reinfusion and
Just prior to the death of the animals, The mean values for all
of these parameters were calculated but they could not be sub=
Jected to statistical analysis because of the variation in
pressures recorded in the respective experiments., While mean
blood pressure dropped from an average control value of 97 mm Hg
to a mean pressure of 40 mm Hg two hours after bleeding and
remained there prior to reinfusion, the mean right atrial

pressure dropped from a mean average of 3,0 mm Hg to a mean
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average value of 2.4 mm Hg after two hours of oligemie and to
an average of 2.2 mm Hg prior to reinfusion of blocd. The right
ventricular end-diastolic pressure showed no significant drop
during the oligemic stage, staying at 2.4 mm Hg for two hours
after bleeding and dee¢lining to only 2.2 mm Hg before reinfusion|
Concurrently the right ventricular systolie¢ pressure showed no
marked decrease, and in fact increased from a control value of
20,0 mm Hg to 21.5 mm Hg Just before the blood was returned.,
Unlike the right side of the heart, the left heart demonstrated
almost a 50% decrease in the left atrial pressure, which fell
from a mean pressure of 6,2 mm Hg to 3.4 mm Hg in the first
half of the oligemic phase, The left ventricular systolie
pressure during this period decreased from 107 mm Hg to a
systoli¢ pressure of 53,1 mm Hg. The left ventriecular ende
diastolic pressure fell from 3,5 mm Hg to 2.9 mm Hg and sub=-
sequently dropped to 2.5 mm Eg immediately before reinfusion.
Recordings taken one~half hour after the reinfusion of the bled
volume revealed an average mean blood pressure of 74 mm Hg and
mean right and left atrial pressures averaged 2.4 and 4,6 mm Hg
~respectively., Right and left ventricular systolic pressures
were observed to average 23,7 and 81.0 mm Hg respectively while
right and left ventricular end-~diastolic pressure levels
averaged l.7 and 3,2 mm Hg respectively. Within 30 minutes
mean blood pressure had fallen to an average value of 55 mm Hg

while right atrial pressures had dropped to an average of
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1.7 mm Hg and the left atrial pressure remained at 4,6 mm Hg.
The right and left ventricular systolic pressures fell on an
average to 18.6 and 72,7 mm Hg respectively while the right
ventricular end-diastolic pressure declined to an average of
1,5 mm Hg, The left ventricular end-diastolic pressure rose %o
the control average value of 3,5 mm Hg, However, during the
terminal phaseg of the experiment, when mean blood pressure had
fallen to an average value of 22 mm Hg, the right and left atrial}
pressures rose %o an average of 3.1 and 5.5 mm Hg respectively.
Ventricular end-dlastolic presgsures rose to an average of 2.6
(right) and 5,4 (left) mm Hg, while the ventricular systolic
pressures declined to an average of 14,4 (right) and 25.8 (left)
ma Hg,

Since significant changes in cardiac pressures indicating
cardiac failure were only observed in the late normovolemic
period, the observations for this stage have been summarized in
FPigure #2 where the mean blood pressure, atrial and ventricular
endadiaStolic pressures were plotted.

Of the eight experiments followed until the death of the
animals, only two (Experiments #5 and #8) 4id not demonstrate
significant rises in the atrial or ventricular end-diastolie
pressures above the early normovolemic cardiac chamber pressures
during the terminal phase 30 minutes before the desth of the
animals, These increases appeared to occur simultaneously with

a rapid decline in mean arterial pressures. Unless a stroke by
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stroke analysis were made of the heart, it would be difficult %o
determine 1f the fall in blood pressure preceded the rise in the
atrial or end-diastolie ventrisular pressures were followed by
the decline in mean arterial pressures. The only striking
example from this group, in addition to experiments number 5 and
8, where one or more intracardise¢ pressures did not increase, was
in experiment #7 where the experiment was terminated when the
mean blood pressure had declined to only 40 mm Hg. It would
seem that a pertinent deduction from this experiment would be
that the progressive decline in mean blood pressure leads to the
rise in atrial and ventricular end-diastolic pressures from
inadequate coronary perfusion.

The administration of Ouabain (0.035 mg/kg) either before
or immediately after the reinfusion of blood did not increase
the survival time of six c¢losed-chest dogs in irreversible
hemorrhagic shoek., In two of the six dogs treated with Ouabain,
the mean blood pressure, central venous pressure, and cardiae
output and total peripheral resistance were graphed (Fig. 3).
Contrary to what is expected in a failing heart from the action
of the cardiae¢ glycoside, cardiae¢ output did not increase
following the asdministration of Ouabain either before or after
the return of the bled volume, In all of the dogs that received
Ouabain, a transient increase in the mean blood pressure was
noted following the administration of the drug, However, this

occurred while the cardiac output either decreased or remained

o
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steble. Therefore, this rise in mean blood pressure was
attributed to an elevation in the peripheral resistance and not
to an increase in the cardiae output, This phenonmenon has been
described previously in doge not in cardiac failure, which were
given Ouabain (Cotten, 1958)., The rate of decrease in mean
blood pressure was unaffected during the normovolemie period in
the treated animals and eventually all of the dogs succumbed in
a period of time approximately equal to the untreated open-chest
dogs.,

It is interesting to point out that despite the extensive
surgical procedures used to measure cardiae chamber pressures in
| the open-chest dogs, the survival period from severe hemorrhagic
hypotension and subsequent infusion of blood was approximately
equal to the closed~chest dogs treated with the cardiaec glyco-
side Ouabain, This possibly might be explained by the fact that
the open-~chest dogs had positive pressure respiration to main-
tain adequate oxygenation that was not available to the closed-

chest dogs.




16
DISCUSSION

The purpose of this investigation was to assess the role of
"myocardial depression" (deterioration in myocardial expulsive
power) as a factor responsible for the irreversible phase of
hemorrhagic shoek, The hypothesis that "myocardiasl depression"
is the precipitating factor in initiating irreversibility was
based primarily on the findings of Wiggers and coworkers (1942,
1945, 1947, 1950). In these studies they found that dogs in
experimental hemorrhaglc shock were observed to exhibit an
increase in right atrial pressure, a decorease in the force of
ventricular contraction, and a decrease in the velocity of
systolic ejJection. These cardiodynamic findings were based on
studies of the cardiac pressure and volume curves, Wigzers
specified that although the evidence suggested that myocardial
depression is a frequent and important factor, it might not be
a major cause in all forms of shock. More recently, Crowell and
Guyton (1961, 1962) more emphatically postulated that cardiac
failure played the major role in the etiology of irreversible
shock. They based their conclusions upon the observed increases
in left atrial pressures during the onset of the irreversible
period despite maintenance of the cardiae output by continuous
infusion of whole blood., Moreover, the administration of
Ouabain in their experiments decreased the atrial pressure,
while increasing the cardiac output. Gomesz and Hamiltom (1964)
implied that cardiac function was impaired during hypotension.
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This implication was based upon the observation that the cardiae
work load decreased when the left atrium was presented with a
great load of blood. This was done after the animals were kept
hypotensive for varying periods of time and then reinfused to
normotensive pressure levels as opposed to the cardiac work of
the hearts of control animals.

The results of the experiments reported in this work ine
dicate that depression of myocardial funetion is not a signifi-
cant factor in the decline of blood pressure associated with
irreversible hemorrhagic shock. Roiﬁrusion of the total volume
of blood removed from the animals caused an immediate improve-
ment in the circulatory response which could be attributed to
the enhanced filling pressure. This would suggest that the
heart in shock is capable of responding normally to an increased
venous return at this stage of shock. It is obvious from these
results that depression of cardiac function does occur in
irreveréible shoeck; but it does not appear to be present, as
indicated by rises in atrial and/or end-diastolic pressures,
’until the §erminal phases of the experiments. Moreover, this
ococurred only when the mean systemic blood pressure had already
fallen to 40 mm Hg or below, when one might expect fallure to
result from an inadequate coronary perfusion pressure. Evidence
of cardiac failure was not present even when blood was re-
infused into a vascular space already increased by compensatory

diffusion of fluld and therefore having a greater cardiac load
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than during the control period.

These observations do not agree with those of Crowell and
Guyton (1961-1962), who suggested that cardiac failure, deter-
mined by the rise in left atrial pressure at the onset of auto-
infusion during the later part of the oligemic stage, is the
| etiology of irreversibility. In the present study, the rise in
left or right atrial pressure occurred late in the post-infusion
period, Although the onset of autoinfusion appears to signal
the onset of irreversibility (Wiggers, H. C., 1946), these
animals did not exhibit evidence of acute cardlac failure until
much later, In their studies of the heart in shock, Gomez and
 Hamilton (1964) found that the work of the hearts exposed to
hypotension decreased as opposed to hearts not exposed to hypo-
tension, This occurred when an increased volume load was
presented to the respective right atria. Moreover, the work
was caleulated primarily as a function of the left atrial
pressure. While a designatéd load was not used in the present
study, it is felt that the sum of the volumes of the reinfused
blood and the compensatory increase in the plasma volume as a
result of hemorrhage (Wiggers, 1950) provided a sufficient load
on the heart. Yet, no evidence of cardiac malfunction was de-
tected after reinfusion, Finally, it must be noted that the
majority of the experiments (Wiggers, 1942, 1945, 1947, 1950%
Crowell, 1961, 1962} Guyton, 19613 Gomez, 1962) reporting
cardiac failure as the primary factor in the etiology of
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irreversibility used a mean blood pressure of 30 mm Hg during
the oligemic phase rather than a mean pressure of 40 mm Hg.
This was the pressure exhibited by the majority of animals in
this gtudy during the normovolemic stage when evidence of
cardiac failure first appeared.

Therefore, it is the conclusion of this study that previous
works implicating myocardial failure as a predominant factor in
irreversible hemorrhagic shock should be examined more carefully.
At hypotensive levels o£)30 mm Hg coronary perfusion wag une
doubtedly inadequate for agintaining myocardial function even at
low cardiac outputs. This phenomenon has been reported by other
investigators (Gregg, 1962; Case, 19533 Opdyke, 1946; Sarnoff,
1954). For example, Gregg found that the mean coronary flow
decreased 70% during the initisal phase of the oligemic phase,
but during the hypotensive period it rose to approximately 50%
of its control value and remained there until the blood
pressure begen to decline after reinfusion. These studies were
done in dogs maintained at a mean blood pressure of 40 mm Hg
during the oligemi¢ stage. Therefore, it must be assumed that
at pressures of 30 mm Hg the coronary flow would decrease even
more significantly resulting in coronary insufficiency and
acute cardiac failure. The indiées of heart failure used in
the experiments in the present study would be an elaiated atrial
or end-diastolic pressure, neither of which became apparent

during oligemic hypotension, Similar results have been
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reported by Rothe and Selkurt (1964), by McPherson and Haller
(1963), and by Weidner, et al (1961).

In analyzing the results of these experiments, the effects
of anesthetization with sodium pentobarbital, as well as con-
tinuous heparinization upon the course of the experinents, nust
be considered. However, many investigators have found that both
of these factors have a hegligible affect upon the eventual oute
come (Ingraham, 1950; Smith, 1958; Wiggers, 1950).

In addition to the hemodynamic investigations, studies of
the affeet of a known cardiac stimulant (Ouabain) upon the
heart in shock were performed. This was done on the premise
that, if the heart is in actual failure, the cardiac output
should increase and the central venous pressure should decrease.
Moreover, the overall survival rate of the animals should be
improved. However, instead of an increased cardiac output and
decreased central venous pressure, just the opposite was
observed. All of the dogs recelving Ouabain prior to re-
infusion, which simulated the autoinfusion phase and the onset
of irreversibility, or well after reinfusion, demonstrated a
significant deecresse or no qhange in the cardia¢ output.
Moreover, the central venous pressure exhibited no decline and,
in fact, rose in many of the animals. Finally, the only
appreciable effect of the digitalis was the precipitous rise
in the mean blood pressure immedlately after administration.

All of these phenomena (i.e, the rise in the blood pressure and
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central venous pressure and the decline in cardiac output) have
been observed by most of the investigators studying the effects
of digitalis upon the non-failing heart (Cotten, 1958; Bloome
field, 1948; Cattell, 1938; Cohn and Steele, 1929; Cohn and
Stewart, 1932). They attributed the affect of digitalis upon
the non~failing heart to a marked arterial and venous conw
striction resulting in an increased systemic blood pressure.
Moreover, cardiac filling is impeded by the venous comnstriction
and cardiac output declines. Similar results with Ouabain in
the heart in hemorrhagic shock were reported by McPherson and
Haller (1963). They also found that the survival rates of
animals given Ouabain while in shock d4id not improve except
when the drug was givén prophylactically, This same situation
existed in the reported study. | e

The concept that functional myocardial failure plays an
important role in the development of circulatory collapse in
shock appears to be without foundation. The experiments
described demonstrate that failure of the heart to expel blood
is a contributing factor in irreversible shock, but does not
manifest itself until the post-infusion blood pressure has
declined to preinfusion levels. At this time there is en

elevation in both atrial and ventricular end-diastolic pressures)
It is concluded, therefore, that although cardiac involvement
may become a significant factor leading to the demise of the

animal, it does not appear to be a major factor in the
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development of irreversibility.
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SUMMARY

The concept of cardiae failure in irreversible hemorrhagies
shock was investigated in ten open-chest dogs subjected to
catherization of the four chambers of the heart and in six
closed~chest dogs treated with the cardiac glyoside, Ouabain,
In both groups of dogs anesthetized with sodium pentobarbital,
shock was induced by bleeding the animals to a mean blood
pressure of 40 mm Hgy this level of pressure was maintained for
four hours and was then followed by reinfusion of the animal's
blood.

Recordings of right and left intra~atrial pressures and
right and left intraventricular pressures of the heart during
the oligemic and normovolemic stages of hemorrhagic shock did
not give evidence to relate the decline in blood pressure to
cardiac failure, However, acute cardiac failure only became
evident apprdximately thirty minutes before death, during which
time a drop in méan arterial pressure to 30 mm Hg was accomw
panied by a rise in either right or left atrial pressures, as
well as rises in the right or left end-diastolic pressures.

The possibility of a cardiac factor in hemorrhagic shock
was further explored by measuring the myocardial responses to
Ouabain (0,035 mg/kg) administered immediately after or Jjust
prior to the reinfusion of blood in dogs subjected to four
houga of hemorrhagic hypotension. In the Ouabain-~treated

aniﬁals, recordings of cardiae¢ output by the dye dilution
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method, blood pressure, and central venous pressure show that
after a transitory increase in blood pressure and a decrease in
cardiac output, the eventual course of irreversible shock was
not altered by the administration of Ouéiéin.

These results imply that heart failure may not play a
significant role in the etiology of irreversible hemorrhagic
shock. The onset of cardiac fallure only occurred as a terminal
event in the experiment when the blood pressure had decreased
to the point where coronary flow was not sufficient to maintain
cardiac function.




1.

24

e

4.

5

6.

7

8.

%

10.

a5
BIBLIOGRAPHY

Bloomfield, R., Rappoport, J., Milnor, J., P., Long, W.,
Mebane, J. G., and Ellis, J, 1948 The Effects of
Cardiac Glycosides upon the Dynamics of the Circula-
tion in Congestive Heart Failure: I. Ouabain
Je cliﬂo Investc’ ﬁ! 5880

Bock, K. D., (Ed.) 1962 CIBA >ogium: Shock: Patho-
’ ggnesig and Therapy. Heidelberg, Spr nger-Veriage
ee:5 regg, D. E, Hemodynamie Factors in Shock,
PP+ 060,

Burch, G, E.y, 1950 Primer of Venous Pressure. Philadelphia)
Lea and Febiger,

Case, R, B. and Sarnoff, S, J. 1953 Insufficient Coronary
Flow and Consequent Myocardial Failure as a Con=
tributing Factor in Hemorrhagiec Shock. Fed. Proc.,

ER 24,

Cattell, M. and Gold, H, 1938 The Influence of Digitalis
on the Force of Contraction of Mammalian Cardize
Muscle. J. Pharm. and Exper. Ther., §_23 lle.

Cohn, A, E., and Steele, J. M¢ 1932 Studies on the Effect
of the Action of Digitalis on the Output of Blood from
the Heart: 1. The Effect on the Output of the Dog's
Heart in Heart-Lung Preparations., J. Clin. Invest.,

llﬂ 871.
and Stewart, He Jo 1929 The Relation

Between Cardiae Size and Cardiae Output per Minute
Following Administration of Digitalis in Dogs in Which
the Heart is Enlarged., J. Clin, Invest., 6: 79.

Cotten, M, deV, and Stopp, P. BE. 1958 Action of Digitalis
on the Nonfailing Heart of the Dog. Amer. J. Physiol.1

12_2_3 114,

Crile, G, We¢ 1899 An eriment Resear into Surgica
’Shécg. Philadgfpgfa, Lippincott.

Crowell, J., and Guyton, A, C. 1961 Evidence Favoring a
Cardiac Mechanism in Irreversible Hemorrhagie Shock.
Amer. Je. PhySZ-LOlQQ 2013 8930




1l1.

12.

13.

14,

15.

16.

17

18.

19

20

22

25

26

and 1962 Further Evidence
Favoring a Cardiac Mechanism in Irreversible Hemorrw
hagic Shock. Amer., J, Physicl., 203: 248, :

Gomez, O., and Hamilton, W. F, 1964 Functional Cardiac
Deterioration During Development of Hemorrhagic
Circulatory Deficiency. Circ. Res,, XIV: 327,

Guyton, A, C, and Crowell, J. W, 1961 Dynamics of the
Heart in Shock. Fed. PI'OQ-’ gg (Suppl‘ 9)’ 510

Hales, S. 1733 Statigtical E o Vol. 2. London,
Innys, W, Manby, R., and Woodward, T.

Hamilton, W. F. (Ed.) 1962 Handbook of ngsiologx See, 2
(Girculation), Vol. 1, Uaaﬁingfon. ees amilton,&ﬁ&
Measurement of the Cardiaec Output. Ch. 17,

pp. 551-584,

Henderson, Y. 1908 Acepnia and Volume Curves. Amer. J.
Physiol., 2;1 126,

1310 Acapnia & Shock, Amer. J. Physiol,,

22t 152.

Iograham, R. C., Goldberg, H., Roemhild, F., and Wiggers, HC.
1950 Influence of éodiun Pentobarbital Upon Course of
Events in Experimental Hemorrhagic Shock, Amer., J.
Physiol., 162: 243,

Kohlstaedt, K. G. and Page, I. H. 1944 Terminal Hemorre
hagic Shock: Circulatory Dynamics, Recognition and
Treatment. Surg., 16: 430.

LeDran, H, F. 1743 A Treatise, o Reg;egtiﬁgg Dra!% from
Practice on Gunshot Woun é trans.). London, Clarke

McPherson, Re Cs, and Haller, A., 1963 The Effect of
Digitalization in Irreversible Hemorrhagic Shock,

J« Trauma 31 243,

Opdyke, D. F., and Wiggers, C. J. 1946 Studies of Right
and Left Ventricular Activity during Hemorrhsgic
Hypotension and Shock. Amer. J. Physiol., 1471 270.

and Foreman, R. C. 1947 A Study of
Coronary Flow under Conditions of Hemorrhagic Hyper-
tension and Shock. Amer. J. Physiol., 148: 726,




24,

25,

27.

28,

30

31,

32

35

27 |
Pare',PA.i 1582 Les Qeuvresg d'Ambroise Pare' (trans.).
aris.

Rothe, C., and Selkurt, E. E., 1964 Cardiac and Peripheral
Failure in Hemorrhagic Shock in the Dog. Amer. d.
Physiol., 207: 203.

Sarnoff, S, J., Case, R. B.,, Waithe, P. E,, and Issacs, J.P{
1954 Insufficient Coronary Flow and Myocardial
Pailure as a Complicating Factor in Late Hemorrhagic
Shock. Amer. J. Physiol., 1763 439,

Smith, J. J., Crace, R. A,, and Hussey, C. V. 1958
Coagulation Mechanism and Effect of Heparin in
Hemorrhagic Shock. Amer. J. Physiol., 193: 593.

Weidner, M. G., Roth, L., and Simeone, F., A, 1961 Myo-
cardial ﬁeaponse to Prolonged Acute Oligemic Hypo-
tension. Surg., 50: 75.

Werle, J. M., Cosby, R, W., and Wiggers, C. J. 1942
Observations on Hemorrhagie Hypotension and Hemorr-
hagic Shock. Amer. J. Physiol., 136% 40l.

Wiggers, C. J., and Stimson, B., 1927 5Studies on the
Cardiodynamics of Drugs: III, The Mechanism of
Cardiac Stimulation by Digitalis and G-Strophanthiding
J. Pharm. Exp. Ther., 30: 251,

1942 The Present Stetus of the Shock
?ro‘blem. Physj..Olq ReV., gg: 74.

and Werle, J. M. 1942 Cardiac and Pheri-
pheral Resistance Pactors as Determinants of Circu-
latory Failure in Hemorrhagic Shock. Amer. J.
Physiole, 136t 421,

1945 The Failure of Transfusions in
Irreversible Hemorrhagie Shock: Study of Central
Venous Pressure, Amer. J. Physiol,, l44: Ol.

Wiggersy, Ce Jo.y and Stimson, B, 1947 Myocardial
Depression in Shock: Survey of Cardiodynamic Studies.
Am. Heart Jig z: 633‘

1950 Physiology of Shoek. New York, The
Commonwealth Fund,




28

36. 1949 Physiology in Health and Disease.
Fhiladelphia, Lea and Febiger, .

37, Wiggers, H. C., and Ingrsham, R. C. 1946 Hemorrhagic
shock: Definition and Criterion for its Diagnosis.
Je. Clin, Invest., 25t 30.




TABLE #1

Blood Pressure, Heart Rate and Cardiac Chamber Pressures

before and during Oligemic, Normovolemic and Terminal Phases of Hemorrhagic Shock

PERIOD

Control

Average

Two Hours
Hypotension

Average

EXP. RO.

003 WA PO b

00~3 W\ LU

MBP

8

HR

130
162
180
210
180
156
174

174
169

RA

1.0
Je2
4.6
2.5
1.1
6.4
0.5

429
3.0

2.0
2.7
1.6
1.2
242
249
0.1

4,2

2.4

RVS
24,0

.20.8

21.6
21.9
23.6
18.7
12.4

7.6
20.0

RVD

1.5
4.8
2.0
0.0
0.0
6.2
3.6

220
2.4

1.5
3+3
0.4
0.6
5¢3
-0.8
O.1
2.4

1.0
3.2

6.6

3+9
6.6

1.7
3.4

Lvs

110

130
103

- 124

80

98
109
121

107

LVD

0.0
27
5.0
3.2
0.5
‘ 9-2
1.6

62




PERIOD EXP, NO. MBP

Pre-Infusion
1l 38
2 40
3 37
4 42
5 39
6 40
7 40
8 40

Average 39

% Hour

Post-Infusion
1l 48
2 88
3 60
4 50
5 50
6 45
7 100
8 -

Average 24

TABLE #1 -~ Continued

HR

150
170
165
175

62
141
132
i32

153

RA

1.5
2.8
1.0
1.2
1.1
549
«0.3

8.2
242

0.0
Se2
2.1
1.5
1.1
6e3

2:2
2.4

RVS

28.0
20.8
45.0
21.0
26.1
215

21.3
2547

RVD

bt
.
W

6"‘3!‘”“0&“%‘
s 8 o8 000

5
~3 i

£

bmmm\ﬂ\ﬂ\“
NERE XN

O O O~JW\N

X

346

LVS

7540
7347
43,0
32.6
62.0
51.0
56.6
22.2

539

70.0
136.0
80.0

270
64.0

111,0
707

81.0

LVD

2.0
1.2
1.0
1.4
0.0
8.2
"204

227
245

o¢




TABLE #1 - Continued

PERIOD EXP. NO. MBP HR EA RVS RVD LA Lvs LVD
1 Hour | "
Pogst-Infusion
1l 20 150 «0.5 26,0 1.0 6.0 60,0 3,0
2 8% 165 2e3 15.9 241 4,1 117.0 1l.3
3* 54 152 1.7 40,0 «0,1 6.0 81,0 0.3
p - - - -z - I
© 23 129 6.l 18.2 6.6 8.1 36.7 8.4
7 90 144 "'0‘3 24,1 "009 0.9 99:1 "5-;4
8 20 126 4,6 18,4 0.0 2.6 42,7 5,7
Average 55 128 1.7 18.6 1.5 4.6 72.7 3.5
Terminal | '
l 25 150 "'1&0 22.0 005 700 5000 4,0
2 30 165 2+5 15.8 39 5.6 19.0 14,6
3 29 114 1.3 2l.0 1.6 62 26,0 2.2
4 20 102 3.1 10.9 1.4 6.8 29.0 3,2
5 20 72 %,0 13,6 3.6 363 12,0 5.5
6 15 84 8.8 15,0 8.2 8.5 21.7 8.7
7 20 % 245 1l.4 1.1 5.0 19.6 3,1
8 20 _96 8.2 _2.8 0.8 1e4 2242 3,2
Average 22 3.0? 3;1 14 .4 2.5 505 2508 5.4

* These two animals expired within one hour after reinfusion,

MBP -~ Mean Blood Pressure
HR -~ Heart Rate

RA - Right Atrium (Mean Pressure)

RVS = Right Ventricular Systolic Pressure

RVD - Right Ventrigular End-Diastolic Pressure
LA - Left Atrium (Mean Pressure

Lgs - Left Ventricular Systolic Pressure
LUD

1¢




TABLE #2
Individual Experiments Showing Blood Pressure and Intracardiac Pressures

EXP, NO., TIME MBP HR RA RVS RVD LA LVS LVD
1l Control 80 130 1.0 24,0 1.5 5.8 110,0 0.0
2 Hr H;ypotension 49 180 240 20,0 l.% 1.0 7500 0.5
Pre-Infusion 38 150 1.5 }000 1.5 3.5 75.0 2.0
% HI‘ Poa‘k-—Infusion 48 150 00 28,0 1.3 500 704»0 105
1 Hr Post~Infusion 50 150 *'005 26,0 1.0 6.0 60.0 3.0
Termination 25 13C =1.0 2240 0.5 7«0 50.0 4,0
2 Control 97 162 3.2 20,6 4.8 5.1 130. 57
2 Hr Hypotemsion 28 180 247 133 3.3 3.2 58.7 2.7
Pre~Infusion 40 170 248 17.6 2.7 345 72«7 1.2
% Hr Post-Infusion 88 162 3.2 20.8 3.2 5.1 136.,0 2.7
1 Hr Post-Infusion 83 165 t?t} 1519 2el 4,1 11?00 103
Termination 30 165 2.5 15.8 3,9 5,6 19.0 4.6
3 Control 93 180 4.6 21.6 2.0 6.1 103.0 5.0
2 Hr Hypotension 40 180 16 2B.0 048 5.9 43,0 2.2
Pre-Infusion 27 165 1.0 206 0l 5.9 43,0 1.0
% Hr Post-Infusion €60 155 2.1 45,0 0.0 6.0 80.0 0.8
1 Hr Post-Infusion 54 152 1.7 40,0 «0.1 6,0 81.0 0.3
Termination 20 114 143 210 1.6 6.2 26,0 2.2
4o Control 120 210 2.5 21.9 0.0 6.7 124.0 3,2
2 Hr Hypoteasion H0 192 1.2 15.6 0.6 6.6 47.5 1l.4
Pre~Infusion 42 175 1.2 19,8 1.9 6.7 52,6 l.4
% Hr Post-Infusion 50 150 1.5 21.0 1l.4 6.7 57.0 3.1

1 Hr Post-~Infusion - - - - - - - -
Termination 20 102 3,1 10.9 1.4 6.8 29.0 3.2

cs




TABLE #2 - Continued -
EXP. No. TIME MBP HR RA RVS RVD LA Vs LvD
5% Control 72 180 l.d 23.6 0.0 5.6 80,0 0.5
2 Hr Hypotension 40 174 2.2 270 5.3 3.9 0.0 4.0
Pre-Infusion 39 162 le¢l 26,1 5.8 2.0 62.0 0.0
% Hr Post-Infusion SO 15 1.1 26,1 1l.1 3.3 64,0 4,5
1 Hr Post-Infusion - e - - - - - -
Termination 20 ?2 5 «0 13 O 3 «6 3 . 5 1249 50 5
6 Control &6 156 6.4 18b7 6.2 7.8 98&‘3 9&2
2 Hr Hypotension 40 1481 5.9 17.9 6.3 6.6 51.0 8.2
% Hr Post-Infusion 45 143 6,3 21.5 7.0 7.0 59.7 8.9
1 Hr Post-Infusion 23 129 6.1 18.2 6.6 8.1 «7 8.4
Termination 15 84 88 15.0 8.2 8.5 21.7 8.7
7 Control 106 17“' 605 12.4 3.6 2.6 109-0 1.6
2 Hr HBypotension 40 156 Oel 214 =08 «0.,9 64,0 =2.4
Pre-Infusion 40 132 w043 29,0 w02 =0.9 56,6 =2.4
% Hr Post~Infusion 100 138 0.4 18.4 =044 2.5 111.0 ~0,9
1 Hr Post-Infusion 90 1484 «0.3 24,1 «0.9 0.9 99.1 «3.4
Termination 20 96 25 1l 1l 5.0 19.6 3,2
8 Control 118 174 4,9 17.6 2.0 8.9 121.,0 5.7
2 Hr Hypotension 42 184 4,2  10.) 0.1 1.7 45.7 5.7
Pre-Infusion 40 132 4.2 106 0.0 2.0 37,7 5.7
% Hr Post-Infugion 80 123 5.2 21.3 0.6 2.6 70.7 5.7
1 Hr Post-Infusion 50 126 4.6 18.4 0.0 2.6 42&7 507
Termination 20 96 4,2 5.4 0.8 l.4 22,2 3,2
* Animals expired within ome hour after reinfusion ‘
[MBP -~ Mean Blood Pressure LVS - Left Ventricular Systolic Pressure
HR - Heart Rate ; LVD - Left Ventriculasr End-Diastolic Pressure
RA - Right Atrium (Mean Pressure)
RVS - Right Ventricular Systolic Pressure
RVD - Right Ventricular End-Diastolic Pressure
LA - Left Atrium (Mean Pressure)

12




TABLE #3 :

Two Experiments Showing ‘Blood Pressure, Heart Rate and Cardiac Chember Pressures
for Two Hours of Normovolemic¢ Shock

PERIODS MBP HR RA RVS RVD LA LVS LVD

Control 100 177 6.7 31.3 6.8 6.9 108 10.0

Average %%g %%% }¢2 %%f% ﬁf; ?: 18 %gfg

2 Hr

Hypotension 40 138 5,7 22.5 4.4 4.4 42 2,6

Average % %2% ;. %%fg .? §f¥ 2 _%f%

Pre~Infusion 32 il# g.g §§45 8:3 5:7 23 2.g

Average 53 Tg% 533 §Tf8 . . “Bg 3 o
% Hr |

~J
N
N
o
\N
.

o
*

O

Post-Infusion 65 198

O

}j:;\n
ST
13

Average 1§%
1 Hr '
Post-~Infusion 55 92 6.3 iﬁ.} 4,8 §‘4 68 3.9
E% %,% 8 1l ,3 222
Average %gg . . . . ~2§ .
2 Hr
Pogt-Infusion 38 99 S.g ié.i 563 2.3 48 2.2
1 1, . 1,; . ,g
Average -‘m T%% ch m:g - ;' , —% ‘ »
MBP - Mean Blood Pressure LA - Left Atrium (Mean Pressure)
HR - Heart Rate LV8 - Left Ventricular Systolic Pressure .
RA - Right Atrium (Mean Fressure) LVD - Left Ventricular End-Diastolic Pressure
RVS - Right Ventricular Systolic Pressure
RVD - Right Ventricular End-Diastolic Pressure




E@- No.

1l

CvP
CO
TPR

TIME

Contrnl

120 min,’

175 nin.
180 mino
210 min.

Control
120 mine.
180 min.
225 nin.
230 min.
250 ,min-
310 min.

Control
120 min,
180 min.,
225 min,
230 min,
260 min.

RO

B30

MBP

40

71
60

Reinfusion of Blood
Mean Blood Pressure
Central Venous Pressure
Cardiac Output
Potal Peripheral Resistance

Injection of 0,035 mgms/Kg Ouabain

TABLE #4A
Effects of Ouabain on Circulatory Dynamics in Hemorrhagic Shock
' Ouabain Prior to Reinfusion’

CVP
(mm Hg)

~0.25
"306
=345
4,0
-t 0

0,5

- =05

-065
0.0
0.0
0.25

"’1‘00

=20
-4.0
'J}'.O
~5.5
45
=55

Co
(1/min)

217

0.517
0.500
0.286
04250

215
0.39
0.39
0.45
044
l.62
0.53

TFR
(mm Hg/ml/min)

0.064
0.077
0.080

0.297
04300

0.0767
0.1020
0.1015
0.0888
041366
0.0586
0.0988

0.0300
0.0630
0.0795
0.0719
0.1185%
0.1200




TABLE #4B

Effects of Ousbain on Circulatory Dynamics in Hemorrhagic Shock

Ouabain After Reinfusion

No. TIME MEP
1l Control 135 mm Hg
2 Hr Hypotension %6 on Hg

3 Hr Hypotension 37 mm Hg
3 Hr 35' HypOt
20' Post-Infus. 08 mm Hg
0 30% Post-Infus >
1 Hr Post-Infus. 85 mm Hg
2 Hr Post-Infus, 50 mm Hg

3 Hr Post-Infus. 3% mm Hg

2 Control 142 mm Hg
2 Hr 10' Hypo. 25 mm Hg

20' Post-Infus. 121 mm Hg

0 30" Post Infus. 141 mm Hg

1 Hr Post-Infus. 125 nm Hg

2 Hr Post-Infus. 70 om Hg
3 Control 155 mm Hg
2 Hr Hy?otension 40 rm Hg
2 Hr 50' Hypoten. 36 mm Hg
20' Post-Infus. 60 mm Hg
25% Post-Infus. 70 mn Hg
30' Post-Infus. 48 mm Hg

T - Reinfusion of Blood
MBP - Mean Blood Pressure
CVP - Central Venous Pressure
CO « Cardiac Output
TPR - Total Peripheral Resistance

cve

-3.10 mm Hg
-354,00 mm Hg
~3,00 mm Hg
~1.75 mm Hg
~1.75 mm Hg

-2e25 mm Hg
~1.50 mm Hg
-~ «150 mm Hg
~2+.50 mm Hg

~l.25 mm Eg
~2.25 mm Hg
"2'50 mm Hg
~3.50 pm Hg

1.85 1/mm
0«37 1/mn
Celt2 1/mn
o7 Ve
L]
1.19 1f§§
0.7 1/mﬁ
Oc59 1/mn
0+50 1/mn

1.40 1/mn
0«85 1/mn
0.78 1/mn
0&79 1/mn
0,70 1/mn

2.05 1/mn
0.6%22 1/mn
0%?98 l/mn
1.45 i/mn
1.120 1/mn

TFR

+073% mm Eg/CC/m
«098 mm Hg/cc/mn
+088 mm Hg/cc/mn
<083 mm Hg/cc/mn
«077 mm Hg/cc/mn
«097 mm Hg/ce/mn
+119 mm Hg/ce/mn
«085 mm Hg/cc/mn
«071 mm Hg/cc/mn

101 mm Hg/cc/mn

048 mm Hg/cc/mn

«142 mm Hg/cc/mm
<180 mm Hg/cc/mn
«158 mm cc/mn
«100 mm Hg/cc/mn

076 mm/Hg/ml/mn
2063 mm/HEg/ml/mn
<045 mu/Hg/ml/mn
«O41 mm/Hg/ml/mn
062 mm/Hg/ml/mn
<074 mm/Hg/ml/mn
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FIGURE 1
The Heart Rate, Mean Blood Pressure and the pressures in

the Pour Chambers of the Heart of a Dog in Hemorrhagic Shock
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The Mean Blood Pressure and the Right and Left Mean Atrial
and Ventricular End-Diastolic Pressures in the Last Hour of the
Normovolemic Phase of Ten Dogs in Hemorrhagic Shock
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Hemorrhage Reinfusijon

Mean blood pressure

o--< Dog II
—— Dog I2

I
I
l
|

Control(')

—
6 7
Time in hours

FIGURE 3

The Mean Blood Pressure, Central Venous Pressure, Cardiac

Output and Total Peripheral Resistance in Two Dogs Receiving
Ouabain during Hemorrhagic Shock
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