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Hemodynamic Effects of Isoproterenol

in Canine Endotoxin Shock
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A B S T R A C T Myocardial function and peripheral
hemodynamic alterations were measured through
the late stages of canine endotoxin shock. 60 min
postendotoxin paired animals were given infusions
of either 5 ml/kg per hr of 5%o dextrose or dex-
trose plus isoproterenol (0.25 pg/kg per min).
Comparable blood lactic and pyruvic acid levels
were determined, the excess lactic acid calcu-
lated, and pH values were obtained. During
the initial stages the classic pattern of hemody-
namic alterations was observed; an excess of lactic
acid appeared and the pH decreased. Outstanding
was evidence of markedly reduced myocardial
function in the late stages of shock with progres-
sive rise in left ventricular end diastolic pressure
(LVEDP), low cardiac index, rise of central ve-
nous pressure, increased central blood 'volume,
tachycardia, and declining arterial pressure.
Analyses of left ventricular function curves also
indicated myocardial failure.

Infusion of dextrose alone failed to decrease
mortality rate (10 of 18 dying), whereas the rate
was significantly decreased with isoproterenol (2
of 18). Dextrose infusion did not benefit myo-
cardial function. Isoproterenol resulted in a marked
improvement in myocardial action with a signifi-
cant increase in heart work associated with, yet
very minor, increments of LVEDP. In addition,
tachycardia subsided, peripheral resistance de-
creased, and the blood pressure stabilized. The
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prognostic value of excess lactic acid was doubt-
ful but a progressive fall in later stages was as-
sociated with survival.

INTRODUCTION

The pattern of hemodynamic changes in experi-
mental endotoxin shock has been well documented
(1-3). Reversal of these changes has been at-
tempted with a variety of agents, including iso-
proterenol, a potent beta adrenergic stimulant.
This drug has reversed the severe hemodynamic
and pulmonary alterations in sheep (4) and has
been confirmed in dogs (5, 6). Isoproterenol has
significantly reduced the mortality in canine endo-
toxin shock (7). Various studies have shown that
it increases cardiac output (8), dilates lower
respiratory airways, relaxes arterioles, constricts
veins, increases ventilation (9) and improves func-
tion of the failing heart (10, 11).

Endotoxin does not have any primary action
on the myocardium during the initial stages of
experimental shock. The early fall in cardiac out-
put is prevented by maintaining an adequate ve-
nous return (12), or by decreasing splanchnic
pooling (13). Transient myocardial weakness has
been related to reduced coronary flow induced by
hypotension (14), whereas others (15) have sug-
gested a depressant effect of endotoxin on myo-
cardial contractility.

The present experiments were designed to ex-
amine the effect of endotoxin on myocardial func-
tion and to evaluate the effects of isoproterenol on
cardiac function and other hemodynamic altera-
tions. In an assessment of tissue oxygenation,
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metabolic studies included determinations of blood
lactate, pyruvate, and pH.

METHODS

Endotoxin. A single lot of Escherichia coli endotoxin
of the Boivin type prepared in our laboratory was used
(16).

Animals and experimental design. Experiments were
performed on 46 adult mongrel dogs that included both
sexes. They were anesthetized with pentobarbital (30
mg/kg) and maintained under light anesthesia. Poly-
ethylene catheters were introduced through a femoral
artery into the lower abdominal aorta and either into the
left ventricle or to the root of the aorta. Catheters were
also passed through a femoral vein into the right atrium
and inferior vena cava. The latter was used for inj ec-
tions. Aortic blood pressure was continuously recorded
in all the dogs. In 24 dogs right auricular pressure (cen-
tral venous pressure, CVP) and in 19 dogs the left
ventricular end diastolic pressure (LVEDP) were moni-
tored. All pressure recordings were made with pressure
transducers (Statham P23AA, Sanborn 267A, and San-
born 268A) connected to a direct writing recording
system.1 The zero pressure level of each animal was as-
certained by selecting a point on the anterior chest wall
two-thirds of the distance from the sternal notch to the
xyphoid process, and then perpendicular to this point the
level was arrived at two-thirds of the distance of the
anterior-posterior thoracic diameter (17).

Cardiac outputs were determined by injecting indo-
cyanine green (Cardio-Green) 2 into the right atrium
and continually sampling blood at the root of the aorta
with the aid of a withdrawal pump (18). The dye con-
centrations were measured with a Waters' cuvette and
PD-densitometer and recorder.3 Blood was returned to
the animal after measurement. The recorded curves
were analyzed and the mean circulation times (MCT)
were calculated (19). MCTwas corrected for catheter-
cuvette volume and expressed in seconds. Cardiac outputs
were calculated in liters/min, and then related to 1
meter2 of body surface area and subsequently referred
to as cardiac index. A standard formula, utilizing animal
body weight, was used to calculate surface area (20).
Basic formulas for derived physiological parameters 4

were (a) Total peripheral resistance (TPR) (dynes-sec-
cm-5) = [arterial pressure (mm Hg) -CVP (mm Hg) ]
X 1332 X 60/cardiac output (ml/min); (b) Heart work/
stroke per m2 (gm-m/m-2) = cardiac output (ml/min) X
(arterial pressure-CVP) X 13.6/1000 X body surface area

1 Model 7714 and Twin-Viso, Sanborn Co., Waltham,
Mass.

2 Supplied by Hynson, Westcott and Dunning, Inc.,
Baltimore, Md.

3 Waters Corp., Rochester, Minn.
4 The formula for heart work disregards kinetic energy

and concerns left ventricle performance. Central blood
volume (CBV) represents blood volume between the
point of injection in the right atrium and the sampling
site in the root of the aorta. CBVwas expressed as ml/kg.

(m2) X heart rate; (c) Heart work/min per m2 (gm-m/
m') = cardiac output (ml/min) X (arterial pressure-
CVP) X 13.6/1000 X body surface area (mi2); (d) Cen-
tral blood volume (CBV) ml/kg of body wt = cardiac
output (ml/sec) X MCT (sec)/body wt (kg); and (e)
Stroke index (ml/m2) =cardiac output (ml/min) /body
surface area (in2) X heart rate.

Blood lactic acid determinations on whole arterial blood
in 10 dogs were done by the method of Barker and
Summerson (21), and in 26 dogs by an enzymatic spec-
trophotometric method.5 In the first 10 dogs the proce-
dure of Goldberg, Nitowsky, and Colowick was em-
ployed for pyruvic acid estimation (22).6 In the remain-
ing 26 dogs the enzymatic spectrophotometric method
was used.5 Excess lactic acid was calculated according
to Huckabee's formula (23). The data were subjected to
statistical analysis using standard methods (24, 25).

A single intravenous dose of 0.75 mg/kg of body
weight of endotoxin was given rapidly. Pressure mea-
surements, heart and respiratory rates, and cardiac output
were recorded before injection and at postendotoxin in-
tervals of 5, 15, 30, and 60 min, and at 2, 4, 7, 10, and
13 hr. Cardiac outputs and collections of arterial blood
samples of 3 ml after control measurements were com-
menced at 15 min postendotoxin. Measurements on blood
included: lactate, pyruvate, and pH. The following vere
determined at the same time: total peripheral resistance
(TPR), stroke index, heart work/min, heart work/
stroke index, mean circulation time (MCT), and cen-
tral blood volume (CBV).

Groups of animals. Experiments were conducted on a
pair of dogs simultaneously. At 60 min after endotoxin,
infusions of 5 ml/kg per hr with constant infusion pumps
were started; one dog (group I) receiving 5%o dextrose
and another (group II), dextrose and isoproterenol 7

(0.25 ,Ag/kg per min). In the first five pairs, infusion was
given for 4 hr and in the remaining 13 pairs, for 12 hr.
At the completion of the infusion living dogs were re-
turned to their cages and were observed up to 72 hr.
Animals alive at 72 hr postendotoxin were considered
survivors.

Five control dogs receiving no endotoxin were employed
to measure arterial blood pressure and LVEDP. 1 hr
after control measurements an infusion of 5%o dextrose
was started and administered in the same dose as in the
foregoing animals for 10 hr in order to determine the
infusion effect on LVEDP.

In constructing a normal curve for left ventricular
function, data were obtained in another group of five
dogs given dextrose infusion, but no endotoxin, and
cardiac outputs and LVEDP were measured.

5 Biochemica test combinations for lactic acid and py-
ruvic acid, Boehringer Mannheim Corporation, New
York.

6 We are indebted to Dr. Paul Strandjord of the
Chemistry Laboratories, University Hospitals, Minne-
apolis, Minn., for assistance in the determinations.

7Supplied as Isuprel by Winthrop Laboratories, New
York.
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RESULTS

Hemodynamic alterations after endotoxin
In group I dogs receiving 5% dextrose and

those in group II receiving isoproterenol and dex-
trose, the preendotoxin hemodynamic measure-
ments and the 5-15 min postendotoxin alterations
were comparable. Table I shows changes in both
groups relative to arterial blood pressure, CVP,
LVEDP, heart and respiratory rates.

Arterial pressure fell sharply following endo-
toxin, 41%o of the base line value being recorded
within 5 min in both groups. At 60 min 55% of
the baseline in group I and 57% in group II were
observed. These differences before and 60 min
postendotoxin were significant in both groups
(P < 0.001). The mean pressure in group I gradu-
ally increased, but reached a maximum of only
76% at 4 hr. Beginning 10 hr postendotoxin pres-
sure declined gradually to 53% at 13 hr, which
was significantly lower than the base line (P <
0.05). In group II the pressure rose, reaching a
maximum of 87% of the base line at 7 hr and then
remained essentially unchanged through 13 hr.

Central venous pressure decreased in both groups
after endotoxin but returned to the range of con-
trol values at 60 min. In group I, CBP rose pro-
gressively and at 13 hr it was twice the preendo-
toxin value. The difference was highly significant
(P < 0.001). In contrast, no rise was observed in
group II.

Left ventricular end diastolic pressure was
sharply reduced after endotoxin, but returned to
slightly lower base line levels in both groups at 60
min. LVEDProse progressively in group I and at
13 hr postendotoxin it was four times the preendo-
toxin value, a highly significant difference (P <
0.001). No similar increase was observed in group
II.

Heart rate fell immediately after endotoxin but
returned to control levels in both groups at 60
min. There was no significant change in the rate
in group I through 13 hr. In group II maximum
increase in rate was observed after 2 hr, being
25% above the preendotoxin value. Although a
continuous infusion of isoproterenol was carried
out, the rate decreased progressively to control
values at 13 hr.

Respiratory rate increased after endotoxin and
at 60 min was 95% above the base line in group
I and 87%o in group II. The increase was highly

significant with values of P < 0.005 and P <
0.001, respectively. The rate remained elevated
throughout in group I with a value of 70%o above
base line at 13 hr postendotoxin. The increase was
statistically significant (P < 0.005). In group II
the rate increased steadily, reaching a level twice
that of the control period at 13 hr. The difference
was significant (P < 0.02).

Table II shows the effects of endotoxin on car-
diac index, total peripheral resistance, mean cir-
culation time, central blood volume, stroke index,
and heart work.

Cardiac index 15 min postendotoxin declined to
48 and 43%7o of the base line in groups I and II,
respectively, and was 65 and 67% at 60 min.
These differences between control measurements
and 60 min were significant (P < 0.05 in both
groups). Cardiac index in group I remained be-
low the base line through the infusion period, be-
ing only 62% at 13 hr, a significant decline from
control level (P < 0.05). Group II showed a pro-
gressive rise in cardiac index, reaching a maxi-
mumat 7 hr, which was 42%o above the base line,
and at 13 hr was 22%o above the control level, an
elevation which was not significant.

Stroke index followed the changes of cardiac
index, decreasing at 15 min to 50 and 43%o of the
base line values in group I and II, respectively,
and 66 and 61%o at 60 min. Stroke index in group
I remained low throughout the infusion period
with a value of 80%o at 13 hr postendotoxin, which
was significantly lower than the preendotoxin
value (P < 0.05). In group II stroke index
increased progressively during isoproterenol ad-
ministration and at 13 hr was 23%o above the base
line.

Mean circulation time increased sharply 15 min
postendotoxin, being almost 1.5 times longer than
controls in both groups. At 60 min postendotoxin,
it was 88%o longer than the control value of group
I and 68%o in the group II animals. In group I
after a transient decrease during infusion MCT
increased, reaching a value 2.5 times that of the
control at 13 hr, which was a significant change
(P < 0.02). In group II MCT was markedly
shortened during infusion and was only 55%o of
control at 13 hr, a difference also significant (P <
0.05).

Total peripheral resistance was increased in both
groups 15 min postendotoxin, but the differences

Isoproterenol in Canine Endotoxin Shock 2195



00~~~~~~~0

0 -Hco

0 0

-H 4 -o -H o

_ q_a- 6_

°° NO Z °

_- St - b -O

00 - 4 - )

00 00

- eq U )+

-H '-H~ 0-H~ -H~
00 . :

- oo -Hm -HV

eq eq e

- U

00 0 . 0.

-H -H -H- N
-

0% 00 0 q

eq 0- 0%X

-H -HqZ Z el m-

0 - 0 -

U) 00l

0 U
.00 eq

U)4U

00 if)
(2-H m "eq (/2

eq eqR
(1 Cu4

Go* Ue)

- . Vv

- U

ulu

4 -H

.. -4 v

U). V)

H U)

0% -H*n V

- - V

00
0

o - .

'0 -

U) -

'0- -

0 0

U)

Go

+
00

N m

-H -

00

-H o -Ho

-

U)l Ul)

0--
00 %

U U)

4 -

co 0'-

'00

00 co0 -H

'0 -

eq U

U)

C;
0

U)

4 0
4 t;

U) eq
-H o -H '(
,w .'.' -
'0 ' ' -
_ _

Go

U) U)

e u)

p 2

co '

-H m-H+e

0,

N U)

- - _

oU) e^ -

00 QSO

-He H
6 4 CO4,(/

W~~~~

0~~~~~~~~

04

0=

Cd C- 0.
> > _

0) 0) 0) 0)

W:

t4

m
cd

._j
3

4u

0
m
0
0
10
0)

1.
0S.

._

0

10

._

0
U)

0_

uz

0)4

-'

Cz **0

.o~

0o 4.
_)

0)4:a

o.A

0) ,

~ 0)

.D
0). -

0

0..o

9'0

*C)

0

0:
0

.00

C3..

a

U) 0
0)

0;O) b

la 4

0 . =
04

5i -!

* +F 440

2196 B. Starzecki and W. W. Spink



- - ~~~~~~~~000 a,-)e
eC()M 0 0) i) ~

4 - -H 0 -H 0-H -H 0.-H -H '~-H -H H 0 0
I- -q 0 t- 0 0CzC4-~ 0s U- 0 o7A 60C
ot) t, V - V c - Vt-n-
-~~~~~~~~~~#)~~~~~~~~~~~~~- ~ ~ ~ ~ ~ C 0-) -4

00 0 \~'0 0")

o - -4 "tcn~
-~~ ~~ j~~-H6~~O (6-H~ 6

t--d4\0 ~ Oen .) Vo-C V0 0 V
oo0 I-4 V V M v)

0 os~ en~~0f

-~~~~~~~~, O0 00 t-O
0- ~~~~~~ ~~~~~ ~~~ ~~~~~~~~~~~~~~~(') 0

4 -1 '0q~~~ 6-H-H6~~~~~~~>H ~ -H4
t- 0 ~ rVV V\ VV\0O

* 0 VeCi0 00 e

c --- ICI4 -f 00 ')

H~~~M4~~C14IC-C
ei 00 ol')00

00 00 4 OR

Q C;~~~CI - -

CC -'00 0

H ~~~~~~~~~~~~-Ha' 4i -H-H R -H -1

0 '0 t-Ur'0 inc - 0'

o Zo~~~~~~~~~V44C- 0 o Zoo

00 00 m00
\0 C 0 mt in f) r-

-H -H -H )-H H -H) Cl)-H -H 4Q, -H -H~ c -H -H z ,o Zt-ZCICIZ00' mr--H
- - 04 0%

-- -- -- C~~~ ~~~~~~~~~~~~~~~~~~~In)d -4 0 0

'I-H 4 z -H -H Z~ ~~Cl-H-
00 ~C~ HoZu Z Z- z

If) 0,) - co-i '00
000 if) ii

~~~-- -- -- I-C~~~~~~~~~~~~~~~~~~~\0I
0 H 4-H 4 - Hc)- - H- -H H-H 4 i V- H--H

0~~~~~0 0~~~~~000
~ -CC) 00Ce 0 ')

O~~~~~ ~ ~ ~~o~~~~~--I I0 -

(::~~-r;0606Id4 0~~~~~~ 00 V-4 ~

Isoproterenol in Canine Endotoxin Shock 2197



were not statistically significant. TPR almost re-

turned to control levels at 60 min in group I, but
remained at 39% above the control value in group

II. After dextrose infusion in group I, TPR de-
clined gradually to 84% of the base line level at
13 hr. This difference was not significant. In
group II after isoproterenol infusion, there was a

prompt fall to 86%o of control value at 2 hr post-

endotoxin and to 56% at 13 hr, which was a sig-
nificant change (P < 0.05).

Central blood volume changes after endotoxin
were inconsistent before infusions were started in
both groups. The average CBV in group I de-
creased to 88%o of the base line, but an analysis
of individual results disclosed that out of 12 dogs,
7 showed a decrease and 5 an increase. In group

II average CBV decreased to 84% of the control
value and seven animals showed a decrease and
five an increase. These changes were not signifi-
cant. In group I the CBV gradually increased
during dextrose infusion and at 13 hr postendo-
toxin it was 60%o above base line. This was a

statistically significant change (P < 0.05). CBV
in group II initially increased above the control

value but at 10 hr postendotoxin it fell and was

only 70% of the base line at 13 hr, but this was

not significant. The significance of the high CBV
during the control period is difficult to interpret.
The central shift of blood might have been due to
the simultaneous cannulation of both hind legs
with the animal in the supine position.

Heart work/min was considerably reduced im-
mediately after endotoxin and the values were

still below the base line at 60 min, being 43% in
group I and 41 % in group II. Heart work in
group I remained essentially unchanged during
10 hr of infusion, but at 13 hr it was 38% of the
control value, which was a significant difference
(P < 0.02). In group II, isoproterenol infusion
was associated with a progressive increase in
heart work, which returned to a level of 13%
above base line at 13 hr.

Heart work/stroke index was also reduced after
endotoxin. At 60 min it was 44%o of the control
in group I and 38%o in group II. Group I showed
no significant change during the infusion period
of 10 hr, but at 13 hr the value was 41% of the
control, a significant difference with P < 0.02.
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FIGURE 1 Comparison of changes in left ventricular end diastolic pressure in dogs
given only an infusion of 5% dextrose (5 ml/kg per hr) with a group of dogs given
endotoxin (0.75 mg/kg) and 60 min later a similar infusion of dextrose and another
group given endotoxin and then treated with dextrose and isoproterenol (0.25 ,ug/kg
per min).
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Isoproterenol infusion in group II was associated
with a progressive augmentation of heart work
reaching a value of 12%7o above the base line level.

Influence of type of infusion upon left ventricu-
lar end diastolic pressure (LVEDP). An assess-
ment was made of the effects of comparable blood
expansion on LVEDPand of the functional state
of the myocardium during a long period of anes-
thesia. 19 anesthetized dogs included five controls
receiving only 5%o dextrose, seven given endo-
toxin and dextrose, and seven endotoxin and iso-
proterenol. The results are shown in Fig. 1. The
base line LVEDPvalue in the controls rose pro-
gressively during infusion from 3.8 ± 0.8 mmHg
to 7.0 + 1.0 at 10 hr, which was still within the
normal range, and reflected unimpaired myocardial
function. After 5 hr of infusion the rise in
LVEDP in dogs given endotoxin and dextrose
was significantly greater than in the foregoing
controls (P < 0.05) and in those given endotoxin
and isoproterenol (P < 0.02). The isoproterenol-
infused values were not statistically different from
the controls.

Comparison of left ventricular function curves
in dogs given endotoxin and treated with infusions
of dextrose or isoproterenol. A reduction in myo-
cardial efficiency was also demonstrated with left
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ventricular function curves, Fig. 2 (26). The
curves were constructed by plotting LVEDP
values against the stroke work of the heart, em-
ploying consecutive values after initiating infu-
sions. Cardiac rates were not controlled because
of the experimental design, but did not differ
statistically. Similar distribution curves were ob-
tained by substituting minute work for stroke
work. Values were obtained for group I animals
(endotoxin plus dextrose), group II animals (en-
dotoxin plus isoproterenol), and for five dogs given
only dextrose. The curve for group I was a slightly
elevated flat type, reflecting a minor increase in
heart work with the initial rise in LVEDP. As
LVEDP rose the heart work actually decreased.
A distinctly different curve in group II showed
a marked increase in heart work with but small
increments of LVEDP. The curve of the controls
was similar to that of group IL Analysis of these
curves shows that myocardial function was mark-
edly improved with isoproterenol in contrast with
the ineffectiveness of dextrose.

Mortality

No animals in either of the treated groups died
within the control period of 60 min postendotoxin.

20-
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FIGURE 2 Comparison of left ventricular function curves in intact dogs with a group

of dogs given i.v. endotoxin (0.75 mg/kg) and 60 min later infusion of 5%o dextrose
(5 ml/kg per hr) and another group given endotoxin and then treated with dextrose
and isoproterenol (0.25 ,g/kg per min).

Isoproterenol in Canine Endotoxin Shock 21 E9

5 control dogs given 5%dedtrose
,-,, 7 dogs given endotoxin (0.75 mg/kg i.V.)

and 5%dextrose(5ml/kg/min)
7 dogs given endotoxin (0.75mg/kgiv.)
and isoproterenol (0.25jeg/kg/min) in

. ,. 5%dextrose.

0/ /
0>S



TABLE III
Effects of Endotoxin (0.75 mg/kg) i.v. on Blood Lactate, Pyruvate, and pH in Dogs and Changes

Time after

Group 0 15 min 30 min 60 min

Lactic acid, I 1.56 ±1.02 4.41 4t 1.65 4.14 ± 1.60 4.13 i 1.71
mEqlliter II 1.98 41.40 5.00 -1- 1.57 4.28 ± 2.12 4.57 4: 1.84

Pyruvic acid, I 0.085±0.044 0.143± 0.050 0.138± 0.049 0.155± 0.081
mEqlliter II 0.085±0.061 0.147i 0.067 0.149± 0.070 0.153± 0.057

Lactic acid/ I 17.7 ±6.9 33.6 ±-16.2 31.0 ±10.3 29.2 ±11.3
Pyruvic acid 11 22.3 ±7.7 48.2 ±-48.2 39.8 ±44.3 30.5 i 9.5

mEq/liter

Lactic acid excess, I 2.02 ± 1.41 1.83 ± 1.15 1.21 ± 1.21
mEqlliter II 1.80 ± 1.99 1.03 ± 2.51 1.22 ± 1.64

Blood pH I 7.41 ±0.08 7.29 ± 0.10 7.33 ± 0.12 7.33 ± 0.13
II 7.44 ±0.07 7.32 ± 0.08 7.32 ± 0.12 7.31 ± 0.14

No. of dogs I 18 18 18 18
II 18 18 18 18

In group I, treated only with 5% dextrose, 10 out
of 18 dogs died during the infusion, whereas in
group II treated with isoproterenol, only 2 of 18
died. In a 72 hr period 15 of 18 died in group I
and 8 of 18 in group II. In both instances the dif-
ference was highly significant (P < 0.001).

Effects of endotoxin on blood pyruvate, lactate,
and pH. The values for pyruvate, lactate, and
pH before and after endotoxin are shown in Table
III.

Blood lactic acid increased significantly in both
groups at 15 min postendotoxin, being 3 and 2.5
times above control levels (P < 0.01 in both
groups). At 60 min postendotoxin corresponding
concentrations were approximately 2.5 times
higher than in controls (P < 0.02 in both groups).
Blood lactic acid in group I fell transiently dur-
ing infusion but finally rose to 53% above the
control level at 13 hr, which was not a statistically
significant difference. In group II, blood lactic
acid rose during infusion reaching a maximum
4 hr postendotoxin and gradually declined to 33%
above base line, which was not significant. In ad-
dition, the difference between the groups at 13 hr
was not statistically significant.

Blood pyruvic acid increased after endotoxin to
a maximum of 82%o above control in group I and
80%o in group II at 60 min. The increase was
statistically significant (P < 0.01 in both groups).

During infusion in group I, pyruvic acid declined
gradually to 56% of the control value at 13 hr.
In group II it rose transiently above the base line
and then declined to 78% of the control level at
13 hr. The differences within both groups were
not statistically significant. The differences between
the groups, likewise, were not significant.

Lactate-pyruvate ratios rose to a maximum at
15 min postendotoxin in both groups (P < 0.05).
At 60 min the ratios were 68% and 37%o above
the base line in group I and II, respectively. The
ratio in group I rose during infusion to a level
2.5 times the control at 2 hr postendotoxin and
remained essentially unchanged until 13 hr when
it rose significantly to a level four times the con-
trol (P < 0.05). The ratio in group II given
isoproterenol remained essentially unchanged
with a rise at 13 hr to a level twice that of the
control, which was not statistically significant.
The rise in group I was due mainly to a sharp in-
crease in lactate, whereas in group II the rise was
due to a decrease in pyruvate. The difference be-
tween the two groups was not statistically sig-
nificant.

Lactic acid excess was maximal at 15 min post-
endotoxin and decreased slightly within 60 min
in both groups. In group I, lactic acid excess re-
mained almost unchanged, except for a transient
fall between 7 and 10 hr and a sharp rise at 13 hr.
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Due to Infusion of 5%Dextrose (5 ml/kg per hr) and Dextrose with Isoproterenol (0.25 ,gg/kg per mim)

endotoxin injection

2 hr 4 hr 7 hr 10 hr 13 hr

3.86 ±- 1.80 3.73 -± 2.19 1.92 ±-0.55 1.37 It 0.68 2.39 -4- 1.00
4.97 it 1.72 5.15 -4 2.14 3.70 -:-1.20 3.05 -- 1.56 2.61 -± 1.22

0.153±- 0.131 0.1204- 0.062 0.074--0.026 0.052±- 0.022 0.049±- 0.020
0.184±- 0.093 0.182±- 0.099 0.136±-0.042 0.109±- 0.083 0.066±1 0.036

37.2 ±-34.9 32.1 ±17.6 27.4 -±9.1 31.3 ±-23.9 57.0 ±-30.3
29.0 -- 8.7 29.8 4± 9.0 27.7 ±7.3 29.4 -±14.3 45.1 ±127.1

1.39 -- 1.30 1.53 -- 1.80 0.59 ±-0.51 0.44 -- 0.66 1.49 4- 1.I1
0.91 -- 1.41 1.05 -- 1.68 0.95 --1.34 0.86 4- 1.78 1.29 -- 0.92

7.37 it 0.13 7.44 4- 0.14 7.49 ±-0.06 7.43 -- 0.09 7.37 ±- 0.12
7.36 -- 0.15 7.36 ±- 0.16 7.45 ±-0.10 7.42 ±; 0.08 7.38 -± 0.11

17 14 8 6 6
18 18 12 12 11

In group II, lactic acid excess decreased slightly at 2 and 13 hr was significant (P < 0.001 and P <
after the infusion of isoproterenol and remained 0.05). However, differences within the groups
essentially unchanged until 13 hr when an increase were not significant.
occurred. The difference between the two groups Blood pH in both groups declined significantly

TABLE IV
Comparison of Cardiac Index and Blood Lactic Acid Excess with Outcome in Dogs Given

Dextrose or Isoproterenol

Time after endotoxin injection

0 15 min 30 min 60 min 2 nr 4 hr 7 hr 10 hr 13 hr

Dogs dying within 72 hr and treated with 5% dextrose
Lactic acid excess, 2.14±1.58 1.92±1.02 1.22±0.98 1.58±0.90 1.8240.92 0.6740.42 0.4940.26 1.94±0.81

mEq/liter (15) (15) (15) (13) (11) (6) (5) (4)

Cardiac index, 2.60±1.00 1.1940.56 1.50±0.55 1.66±1.00 1.60±0.67 1.7640.70 1.90±0.70 1.88±0.13 1.86±0.12
liter/min per m2 (10)* (10) (10) (10) (8) (7) (4) (2) (2)

Dogs dying within 72 hr. treated with 5% dextrose and isoproterenol (0.25 Ag/kg per min)
Lactic acid excess, 2.80±1.80 1.29±0.90 1.43±1.04 1.10±0.90 1.47±1.00 1.23±0.72 1.14±0.61 2.30±0.90

mEq/liter (8) (8) (8) (8) (8) (5) (5) (4)

Cardiac index, 2.44±1.00 0.9040.50 1.23 ±0.42 1.17i0.64 2.02 ±0.62 2.134±1.02 1.79±1.53 1.72 ±0.68 1.14
liter/min per m2 (6) (6) (6) (6) (6) (6) (6) (2) (1)

Dogs surviving 72 hr and treated with 5% dextrose
Lactic acid excess, 1.88 ±1.63 1.32 ±1.24 1.13±1.00 0.60 ±0.30 0.46 ±0.25 0.33 40.09 0.32 ±0.08 0.59 ±0.20

mEq/liter (3) (3) (3) (3) (3) (2) (2) (2)

Cardiac index, 2.574±0.51 1.09±0.43 1.68±0.64 1.77 ±0.23 1.284±0.40 1.41 1.69 2.44 2.90
liter/min per m2 (2) (2) (2) (2) (2) (1) (1) (1) (1)

Dogs surviving 72 hr. treated with 5% dextrose and isoproterenol (0.25 pg/kg per min)
Lactic acid excess, 1.00±0.51 0.92 +0.58 1.06±0.53 0.77 40.50 0.73±0.54 0.75 ±0.41 0.664±0.31 0.71 ±0.44

mEq/liter (10) (10) (10) (10) (10) (7) (7) (7)

Cardiac index, 2.60±1.07 1.10±0.55 1.21 ±0.93 1.60±0.81 2.82 ±0.98 4.09+1.99 4.39±0.70 4.29±0.48 4.14±0.84
liter/min per m2 (6) (6) (6) (6) (6) (6) (4) (4) (4)

* The number of dogs in parentheses are those found in Tables II and III and represent the actual number for which data are available on lactic
acid excess determinations or cardiac indices.
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Dogs treated with 5% dextrose (5ml/kg/hr) dying within 72 hours
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FIGURE 3 Comparison of cardiac index and blood lactic acid excess in dogs given endotoxin
and treated with 5% dextrose (5 ml/kg per hr) or with dextrose and isoproterenol (0.25 ug/kg
per min). Comparisons were made in the two groups of dogs dying within 72 hr after endotoxin
and those surviving beyond 72 hr.

at 15 min postendotoxin (P < 0.001), and re-

mained below the control level, except for a transi-
ent rise above that value at 7 hr. At 13 hr in both
groups pH was significantly below the base line
(P < 0.02).

Relationship of survival to cardiac index and
lactic acid excess. An analysis of cardiac indices
and lactic acid relative to treatment and outcome
is presented in Table IV. Data on the same group

of dogs have already been presented with refer-
ence only to the type of infusion (Tables II and
III). All dogs dying within 72 hr had low cardiac
indices, while survivors had significantly higher
indices beginning 2 hr postendotoxin. At 4 hr
survivors receiving isoproterenol had higher in-
dices than nonsurvivors (Fig. 3). Lactic acid

excess was statistically greater in nonsurvivors,
regardless of treatment, at 2, 4, and 13 hr post-
endotoxin. However, at 15 min 31% (4 of 13) of
survivors and 32%o (7 of 22) of nonsurvivors had
blood lactic acid excess of less than 1 mEq/liter.
This would suggest that an analysis of data shortly
after initiating infusions is of prognostic signifi-
cance. Survivors demonstrated a progressive de-
cline in lactic acid excess, whereas the values re-

mained elevated in nonsurvivors throughout the
experimental period (Table IV). It should be
noted that an apparent fall in average lactic acid
excess in nonsurvivors (Table IV) is due to the
loss of dogs with high levels. Actually, there was

a continuous rise in individual animals still sur-

viving (Fig. 3).
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DISCUSSION

The progressive and rapidly changing hemody-
namic and metabolic patterns in experimental
canine endotoxin shock reflect the complexity of
this clinical entity (12, 18, 27-35). In the canine
there is a temporary improvement and recovery
of the arterial blood pressure after the initial
hypotension immediately following endotoxin. In
the majority of animals this temporary improve-
ment is followed by progressive hypotension and
acidosis, and death occurs. Knowledge of the basic
mechanisms involved in the onset of irreversible
shock and a progressive fatal outcome is particu-
larly incomplete. Ultimate collapse is vaguely at-
tributed to a deficient supply of blood to vital or-
gans, either as a result of excessive vasoconstric-
tion (36, 37) or to precapillary shunting caused
by widespread precapillary arteriovenous dilatation
(38). Increased blood viscosity and the stagnation
of blood are other factors considered responsible
for the terminal cardiovascular collapse (39).
Little information is available on the role of the
myocardium in endotoxin shock and the effect of
treatment on cardiac function.

In the present investigation the hemodynamic
changes followed the previously reported pattern.
The blood lactate-pyruvate ratio increased, lactic
acid excess appeared, and a fall in pH occurred
(35, 40-41). Huckabee (42, 43) has expressed
lactate-pyruvate ratios as "excess lactate," indi-
cating tissue hypoxia, but this conclusion is not
generally accepted (44-46). Since oxygen debt
was not measured in the present studies it is not
possible to evaluate the concept of lactate excess.
The significance of low lactic acid excess levels
before treatment is difficult to interpret. An equal
proportion of survivors and nonsurvivors had low
values. The immediate rise in postendotoxin lactic
acid excess is stated to be inversely proportional
to the dose of endotoxin (47). Very low values of
excess lactate have been reported in moribund
patients (48). From our data persistent elevations
of lactic acid excess indicate a poor prognosis,
whereas progressively declining values suggested
a favorable outcome.

The hemodynamic observations in the present
studies have been extended to the later stages of
endotoxin shock because few data have been docu-
mented for this period. Measurements of myo-
cardial function were carried out for 13 hr post-

endotoxin and demonstrated a progressive rise in
LVEDP that could not be attributed to an ex-
pansion of blood volume following infusion (Fig.
1). This finding together with associated low
cardiac index, rising CVP, increased CBV, tachy-
cardia, and declining arterial pressure indicated
progressive myocardial insufficiency. Further evi-
dence of myocardial failure was obtained from the
analysis of left ventricular function curves (Fig.
2). Dogs given endotoxin had low flat curves.
Diminished work/stroke and a marked increase
in LVEDPwithout an increase in heart work are
characteristically found in failing hearts (49).

It was interesting to note that although death
was associated with respiratory failure, the ar-
rest was always preceded by a sharp decline in
cardiac index with the arterial pressure usually
remaining unchanged. These observations suggest
that the mechanism of death is primarily of cardio-
vascular origin and the cessation of respiration is
a secondary phenomenon.

Infusion of dextrose alone after endotoxin re-
sulted in only a slight or temporary improvement
of the parameters studied. Myocardial efficiency
was not increased and the mortality rate was high.
On the other hand, the addition of isoproterenol
resulted in a marked improvement of cardiovas-
cular function, enduring through the 12 hr of
treatment. With the dose of isoproterenol used, the
rise in cardiac index was due more to an increase
in stroke volume than rate. Tachycardia began to
subside after 3 hr of infusion and the rate was in
the control range at 12 hr of treatment. Left ven-
tricular function curves demonstrated a dramatic
improvement in myocardial function and the mor-
tality rate was significantly reduced.

These data support the concept that myocardial
failure occurs in experimental canine endotoxin
shock (14). Although barbiturate anesthesia may
be associated with some of the hemodynamic and
metabolic alterations described, this factor was
controlled in the present investigations. Dogs not
given endotoxin, but otherwise treated in com-
parable manner, did not show any significant de-
terioration of myocardial function as reflected in
normal LVEDPup to 10 hr (Fig. 1). In addition
the blood pressure remained satisfactory through-
out the same period of time. Available knowledge
indicates that endotoxin does not have a significant
direct effect on the myocardium. Therefore, it
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would appear that myocardial failure was second-
ary to prolonged shock. It is possible that iso-
proterenol is beneficial along a "common pathway"
of late shock regardless of the initial cause of
shock.

It is difficult to assess the precise role of isopro-
terenol in the improvement of myocardial failure
in canine endotoxin shock. There appears to be a
relationship between the ionotropic effect of the
drug and survival. It is possible that the increase in
cardiac index and arteriolar dilatation results in
improved tissue perfusion. In addition, venous
constriction leads to a reduction in the distended
venous bed and an increased return of the blood
to the heart (50). However, isoproterenol may
also have beneficial respiratory and metabolic
effects (51).
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