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SUMMARY

L]

‘A prolonged reduction of visceral organ blood flow has been clearly
demonstrated in our laboratory in primates after resuscitation from
hemorrhagic shock. This is consistent with observations on visceral
function and blood volume changes in humans after successful resuscitation
from shock. The mechanism is unclear but appears to be related to persistent
abnormalities in the body's vasoregqulatory mechanisms both at the systemic
{catecholamines and renin/angiotensin II) and local (thromboxane A/prostacyclin)
levels... The background for this hypothesis is discussed in detail.

The present proposal using both a primate shock model and a pig hind
limb perfusion system begins to evaluate these possible mechanisms and
investigates empirical treatment mechanisms as follows:

1) Studies are undertaken on the effects of controlled vasodilator
therapy on our primate shock model.

2) Determinations of hormone levels relative to production of catechol-
amines, renin and angiotensin I1 and Thromboxane A, and prostacyclin are under-
taken over an 18-hour period in our primate shock model.’

3) Hemodynamic and metabolic effects of hind limb perfusion with
blood from an animal 8 hours after resuscitation from hypovolemic shock.

Finally, hypertonic glucose is investigated as 1 stop-nap measure for
rreserving life in primates in hemorrhagic shock. The rationale for this
concept is well supported from recent research on the benefits of supplying
high dose glucose as an acute enerqgy substrate in shock states in man.
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PART I: BLOOD FILTERING

During the past year we have expanded our study on blood filtering
efficiency in a clinical setting. The Intercept filter (Johnson & Johnson)
went off the market and was dropped from the study. A summary of the results
of all of the data collected from this study are contained in Appendix A.

A further study was carried out in a group of multiple trauma patients
receiving massive transfusion. This data is not yet complete but will be
completed by the end of the current contract period and further studies of
blood filtration will not constitute a part of the contract renewal proposal.

Several conclusions aprear justified:

1) 1In terms of clinically significant pulmonary insufficiency the
problem was rare after surgery or trauma in the present series. No filter
made a significant difference in the small incidence of pulmonary insufficiency
in the present series.

2) Certain filters were a bit more difficult to set up and had a higher
incidence of problems with initiatina flow early in the study. However, with
experience all filters appeared about the same in terms of rapidity with
which effective flow could be established.

3) Hicrofilters significantly slowed the rate of blood administration.
The magnitude of the slowing was not gréat, however. Pall and Travenol filters
appeared to have a slightly higher capacity than other filters studied but
these differences are not significant.

4) It is evident from the present data that, althouah filters didn't
seem to prevent any identifiable clinical problem with massive transfusion,
thev do significantly interfere with the rate of blood infusion and conse-
quently inhibit the effectiveness of resuscitation of the injured patient.

The issue remains as to whether or not to use ultrafilters. The facts
are:

1) Stored blood contains microaggregates of biological debris.

2} Although the debris has not been shown to produce any harm, this
mav in part be due to the insensitivity of the biological models utilized.
Certainly, it appears to 4o vy good and for a number of theoretical reasons
could be harmful.

3) Ultrafilters will r2move the debris and do not appear to damage
he bDlood but do slightly interfere with the rate of resuscitation by slowing
he rate of blood infusion.

Consequently, based on the present data, ultrafilters cannot be recom-
mended for use in blood transfusions.
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PART II: TISSUE PERFUSION AFTER RESUSCITATION [FROM HIMORRHAGIC SHOCK

We have studied three groups of primates with a standard hemorrnagic
shock model. The first was completed under the previous vear's grant and
the latter two during the past year. A summary of the data in these three
groups is contained in Appendix B. In short, we have shown that 128 hours
after resuscitation from hemorrhagic shock hlood volume remains significantly
below baseline levels (10-15%) in spite of otherwise baseline hemodynamic data.
Furthermore, regional visceral organ blood flow to the lunags (systemic), liver,
intestine, stomach, kidney and spleen are significantly below baseline values
at 18 hours, whereas heart and brain blood flow are normal. Hemcdynamic para-
meters are normal.

We needed a reproducible, stable control model in which we could use a
single hemodynamic parameter as a therapeutic index of the dJdosage of ninri-de |
administration as an intervention in the shocked animal. We did a group of
animals in which, after successful restoration of MAP and LAP, fluid replace-
ment was only given at maintenance levels for the next 1¢ hours. Durinc¢ this
period there was a gradual decrease in all hemodynamic rarameters and blood
vclume was even more reduced at 18 hours. (Appendix BLI).

Since we were still unable to establish a consistent druc administration
and volume replacement criteria for this model as we had anticipated usina
baseline LAP as the criteria for adequate volume revlacement and then an arbi
trarily chosen 25-30% reduction in systolic pressure as the therapeutic crite
for nipride administration. It required huge volumes of fluid to maintain LA
of which was promptly excreted by the kidneys with an end result that at 1&
hours, although hemodynamic parameters remained normai, visceral organ flow
and blood volume were still reduced at 18 hours. (Appendix BIII).

ria
P

Since LAP could not be used as a resuscitative endpoint, we undertook
further studies during the past vear to establish a reproducible control model.
Two additional animals in this group were treated with nitreprusside for about
2 hours after the shock period. The criteria for drug dosage was difficult
to manage but the preliminary data suggested that the persisteont abnormality
in visceral blood flow might be effected by controlled, early vasodilatation.

Consequently, we repeated the above experiment using MAD + 103 as the
criteria for adequate resuscitation. This group of animals produced consiste
reproducible hemodynamic data and confirmed the persistent reduction in vicce
blood flow and blooud olume in spite of apparently perfectly adeguate resus-
citation to baseline hemodynamic values. (Appendix BIV).

- -
e

'
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Wie now need to uadertake two tasks in this prodect:

1) Complete a group of nipride treated animals to assess our oriainail
hypothesis that prolonged selective vasomotor disequilipbirum is responsible
for the maldistributed visceral blood flow.

2) To evaluate the mechanism for the prolonged mal distribution in biocd
flow which has been consistently documented in all throe of our study uroups.




PART III: REVIEW OF ISOLATED LIMB PERFUSION STUDY TO DATE

In this study we found that perfusion of an isolated pig hind limb with
autologous hemorrhagic shock blood resulted in a significant increase in
reripheral vascular resistance compared to perfusion with autologous normal
(non-shock) blood. This increased resistance could be eliminated with phen-
tolamine. However, oxygen consumption remained depressed during perfusion
with shock blood in spite of normal flows (p<0.05, one tailed ¢ test for
raired data). (Appendix C). Because of the small sample size (8 pigs) and
the marginal statistical significance we continued the study to verify the
findings and also measured blood transit time through the limb to evaluate
the possible role of arteriovenous shunting during perfusion with shock blood.

Thirty-two limb perfusions have now been evaluated, including one dog
and one calf. 1In a total of 15 controls, including the dog and calf (Table I),
peripheral vascular resistance increased from 1.0 resistance units during
rerfusion with normal blood to 2.1 resistance units during perfusion with
shock blood (p<0.001).

In a total of 17 phentolamine treated pig limbs peripheral vascular
resistance was the same for normal and shock blood (Takle 1II). Oxygen con-
sumption dropped from 1.52 ml/min during perfusion with n~mal blood to
1.24 ml/min during perfusion with shock blood, but this difference in this
larger group is no longer statistically significant at the 0.05 level for
P (Table TIII).

In 9 of the 17 phentomaline treated pig limbs blood transit time through
the limb was evaluated by the dye dilution method using cardiogreen ind a
densitometer (Table IV).

Transit time was evaluated by three methods: (1) time of first appearance
of the dye in the venous effluent, (2) time of the maximum dye appearance in
the venous effluent, and (3) the mean transit time of the dye evaluated by
using the best log fit for the downslope of the curve.

The time of first appearance was 23 seconds for normal blood compared
to 24 seconds for shock blood. The time of maximum dye appearance was 49.3
soconds for n rmal blecod and 47.5 seconds for shock blond, and mean transit
time was R2.4 seconds and 79.4 seconds for normal and shock blood respectively.
The corresponding values for oxygen consumption were 1.5 ml/min for normal
blood and 1.4 ml/min for shock blood. None of these differences was statis-
tically significant.

The above findinas show that phentolamine can eliminate the increased
reripheral vascular resistance found in control limbs perfused with shock
blood. They also suggest that there is no significant arteriovenous shunting




occurring during perfusion with shock blood treated with phentolamine. 1In
addition, the above results suagest that, in contrast to our previous

1 findings, rhentolamine car apparently also return oxygen consumption in
the isolated limb perfused with shock blood to within normal or nearly
normal values.

Althouch elevated catecholamines were documented in the shock blood,
phentolamine is a direct vasodilator as well as alpha adregergic blocking
agent and thus could be producing effects other than merely blocking
catecholamines.

This data also demonstrated that the hind limb preparation is a
sensitive model for assessing the immediate neurochumoral (i.e., catecholamine)
rasponses to shock.

i
!
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Table I. Summary of FVR During Perfusion With
L Normal and Shock Blood in 15 Controls
Normal Blood Shock Blood
ILP-20 (control) 1.1 1.9
21 (contrel) 1.0 1.9
j
22 (control) .8 1.6
! 23 (dog) .5 .G
1
) 24 (control) 1.1 2.4
25 (control) .5 1.2
26 {control) .6 3.4
27 (aspirin) 1.3 3.1
29 (aspirin) - 1.2 1.n
30 (cell separatori .2 Al
32 (preheparinized) 1.6 2.9
33 (cell scparator) 1.0 2.0
34 (cell separator) .9 2.0
5% (phentolamine) 9 1.6
38 tcalf) Lo 2.5
Hean + 5.0, 1.2 + .3 2.1 £ .7
£=7.05
{(p~0.001)
2-tailed

*oIncluded tn both canrrols and phentolamine because rhentolamine
was added to snock blood after seeing the usual ' PYR. The PVR
sinew ere 1s beforo adding phentolamine.

?
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Table II.

ILP-35
36
37
10

41

Mean 203

D

ILF

Summary of FVR and VO, During Perfusion With
tdormal and Shock Blood in Phentolamine Treated Limbs

(n=17)
PVR
Normal Shock
Blood ~  Blood
.9 .8
1.3 1.3
1.5 1.6
.0 .6
3] )
.8 .8
1.3 1.3
1.2 1.2
1.3 1.4
1.0 1.1
3 7
8 .6
Rl .9
1.1 1.3
1.2 1.5
7 .7
8 3
Lot 3 1.0 + .3

10

V0, (ml/min)

Normal Shock
1.1 .8
1.5 .9
2.4 2.2
1.9 .9
2.4 .9
1.0 1.6
- -5
1.¢ l.¢
1.0 1.0
2.1 1.7
1.1 2.0
2.1 .9
1.7 2
1.3 1.8
: 1.6
2 1.1
1.0 1.2

1.5+ .5 1.3 S
(t = 1.6)
n.s.




ILp-20

21

38

Mean

b

N R s ™A s

Table III.

(control)
{control)
(control)
(control)
(control)
(control)
(aspirin)
(aspirin)
(calf)

>5.0.

11
In 9 of the 15 controls 002 was calculated for normal and shock
blood and is shown below with flow and PVR.
V05 (ml/min) Q  {(ml/min) PVR
N S N S N S
.6 .1 50 16 1.1 1.9
.8 .4 60 20 1.0 1.9
1.1 .8 65 37 1.6
.2 .6 47 21 1 2.4
1.8 9 89 41 1.2
1.7 7 70 16 6 3.4
1.1 7 32 13 1.4 21
1.1 - 2 38 19 1.2 1.9
4.0 1.7 50 20 1.0 2.5
.5+1.2 3 + .4 56 + 17 23 + 10 O+ .3 2.2¢.7
t = 2.0 t = 8.1 t = 5.4
(14D.05) pre0.001) (p<0.001)
2-tailed 2-tailed 2-tailed



Table IV.

[LP-56

Mean

~1

e ) s G AN -

Correspeonding VOL shown

ILP -

(Calculated 1in

(n = 9)

First Appearance

Transit Time

Time

of

3 of 17 Phentolamine limbs)

Maximum

Mean Transit

of Dye Dye Appearance Time
Normal Shoak Normal shock Normal Shock
Blood blood Blood ~Blood Blood Blood
34 28 66 57 100 85
22 20 42 21 129 80
14 15 28 o7 40 51
lo 16 20 30 34 47
22 23 44 S 66 €O
24 28 84 T2 106 112
34 38 T4 5 133 144
”‘\ 2D 8 40 55 53
b 2 37 oAl 53 59
P 24 0 7 4 + 20 = 13 83 £ 35 79 + Z3
I = 2 T = .2 T = J.44

,4
=

Table

11.

P
I
'
I
i
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APPENDIX A

Blood Filter Data (Freliminary Data)

The collected data and date on the clinical assessment of blood filters
is included here. Table I compares the variables involved in the mechanics
of the filter system which siuanificantly (p<0.05) independently influenced
the f£low rate as analyzed bv multivariation analysis. The impact of the
wariable is listed in order of recreasing significanrce. Thus, the factors
=hich influence <he rate of blcodl infusion most significantly are smaller
needle size, older blead, the use of gravity flow rather than pressure
infusion, the absence of a blood warmer, the previous use of the filter for
infusion of blood and the use of an ultrafilter.

Tig. 1 shows that flow rates of blood through filtors do not distinguish
ainificantly between filters. Fig. 2 depicts data relatinag to the time
necessary tn set up blood filters. Although the data is preliminary the
Pall, Standard and Swank filters all are set up in about the same amount of
time. -
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INFUSION RATES OF PRESSURE INFUSED WHOLE BLOOD

Sample number = 55

13

(12) (16)
T 2

1

15 -

INFUSION TIME - J
{(minutes) - T

r 19 - -

Fenwal Swank Bentley Pall Standard

The above is the mean and standard deviation or the first unit of
whole blood infused through each filter.
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APPENDIX B

A summary of the general methodology for conducting
our shock experiments.

A summary of the initial shock group animals
including 6 control animals and 2 treated.

A summary of 8 animals in which LAP was used as
the index of resuscitation.

A summary of 6 animals in which MAP was used as
an index of resuscitation.

.




Appendix BI - A working summary outlining the general steps involved in
carrying through a shock experiment with our current primate
model
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APPENDIX BI

Protocol

The basic protocol for this set of experiments is outlined below. The

only variation between groups exists at step 13 involving resuscitation of
the animal and this variation will be discussed for each group.

Anesthesia*: Administer 5 ml of sernylan (3.3 mg/ml) or ketamine to baboon
IM. Use pentothal (IV) when required.
Shave animal and wash.
Obtain weight (kg).
Insert urine catheter.
Intubate
Attach EKG electrodes
Perform cutdowns (sterile), cannulating both femoral arteries and veins (CVP).
Initiate left thoracotomy.
a. Place stiff wall pressure line ir.: left atrium.
1) Adjust height of 2A transducer for zeroing.
b. Attach pulmonary artery flow probe.
Close all incisions.
Hook IV line to 500 ml bottle of 5% Dextrose in 0.45% saline plus 20 mEq KCl.
Baseline measurements. :
a. Serum lactate: not less than 1 ml into grey top tubes (potassium oxalate,
sodium fluoride). - .
b. Arterial and venous blood gases.
c. Cardiac output, mean arterial pressure, left atrial pressure, central
venous pressure.

d. Hemoglobin.

e. Tissue blood flow: 800,000 or more microspheres (Ce, Cr, Sr, Sc).
f. Intravenous fluids.

g. Urine output.

h. Blood volume: Evans blue technique.

Induce shock.
a. Rapidly drop pressure to 60 mmHg for 1 hour.
b. Exsanguinate until 40 mmHg. Maintain at 40 mmHg for 1 hour.
c. Obtain parameters lla-llg.
d. Retain blood in heparinized syringes.
Resuscitation.
a. Return blood, using last drawn blood first.
b. Infuse blood uni.. FAP eugals baseline value (+15%).
c. Maintain LAP with remaining shed blood and Ringer's injection.
Two hours post-resuscitation.
a. Obtain measurement; lla-llgqg.
Eighteen hours post-resuscitation.
a. Obtain measurements lla-llh.
Sacrifice animal.
a. Obtain organ samples for scintillation counting.
1) Brain, heart, intestine, kidney, liver, lung and spleen

During shock: use no drugs of any kind.
During post-resuscitation: use only valium (IV) or ketamine (SC).

l.'L"""-4-'-i-li-li-------.--..-.iiii;ili.............::::::: it




Appendix BII

Eight animals were subjected to shock, resuscitated with shed blocd
and then treated with a fixed fluid volume replacement with crystalloid
over the next 18 hours (30 ml/kg Ringer's lactate). Two animals, in
addition, received nitroprusside (1.6 ugm/kg/min) as required to keep
mean arterial pressure at a level of 70% of baseline.

Fig. 1 shows the MAP over the entire study period. !Maintenance fluids
resulted in a gradual decline in MAP or the 18 hours post resuscitation. i
This did not occur in the two treated animals. Fig. 2 shows regional blood i
flow values determined at 4 times during the experiment. Significant
decreases were noted in all organs except the brain during shock and in
the kidney, liver and spleen at 18 hours. Significant increases in blood !
flow cccurred at 2 hours in the brain, heart, intestine and lung. Cardiac
output (rig. 3) was higher in the control group as compared to the two
nipride animals at 1 hour post resuscitation.

Fluid balance and blood volume changes showed a higher urine output
in the nipride treated animals. Also, there was a grecatecr discroepancy
(decrease) in blood volume after resuscitation in the control animals.
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APPENDIX BIII: Resuscitation From Shock

Group Ii: Eight baboons were bled into shock and maintained at 60 mmHg
and 40 mmHg for 2 hours respectively followed by resuscitation with shed blood
and Ringer's lactate. Restoration of baseline left atrial pressure (LAP) was
considered complete resuscitation and was maintained at baseline values with
infusion of Ringer’'s for 18 hours. Complete hemodynamic parameters were
recorded pre-~shock, during shock and hourly post resuscitation for 18 hours.
Organ blood flow was measured from radiocactive microsphere injection at base-
line, during shock and 2 and 18 hours post resuscitation. Blood volume was
determined (Evans blue) at baseline and 18 hours. Characteristic hemodynamic
changes were noted with shock which returned to normal for the 18 hours post
resuscitation (Figs. 1 and 2). Using LAP as the parameter for resuscitation,
increasing fluid requirement to maintain LAP, began at 3 to 4 hours and was
raralleled by a corresponding increase in urine output (Fig. 2). At 18 hours
intake was 450 cc/hour and output nearly 350 cc/hour (both = 1 times baseline).
~raan blood flow altered as expected, during shock. at 13 hours persistent,
significant (p<0.05) reduction in organ blood flow was not~1 in the portal
circulation (cut and spleen) (Fia. 3). Blood volume was sianificantly below
baseline (<2C%) at 15 hours (Fig. 4). The data suggests persistence of the
sympathetic responsc in spite of hemodynamic resuscitation. Furthermore, the
excessive fluid intake and output necessary to maintain baseline LAD suggest
rosetting of normal mechanisms for regulation of blood volume. Maintenance of
normal LAP may then not be a reliable parameter of resuscitation from hemorrhagic
shock. These observations describe a prolonged abnormality in blood volume and
flow distribution which may contribute to the syndrome of multiple organ failure
following resuscitation from shock.
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Appendix BIV ~ The current control group consists of 6 animals, one sham
and 5 controls in which resuscitation has been to a mean
arterial pressure of x10% base MAP and maintained at that
level. Hemodynamic data appears more stable (Figs. 1-5}
and excessively high fluid intake and output are eliminated
(Figs. 1-5). This experimental group is not completed so
the hemodynamic data have not been evaluated statistically
and the blood flow and blood volume data are incomplete.
This appears to be a much more satisfactory model, however,
for assessing the effectiveness of different resuscitative
therapies. A sham animal was carried out to document the
effect of the non~shock aspects of the protocol (Fig. 6).
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APPENDIX C

Mechanisms of Shock Blood Induced Tissue Anoxia

Virginia M. Pressler, BA, Honolulu, Hawaii
Anthony Suehiro, BS, Honoiulu, Hawaii
Judi Lum, Honolulu, Hawaii

Karen Mori, BS, Honolulu, Hawaii

J. Judson McNamara, MD, Honolulu, Hawaii

Disturbed cellular metabolism is a characteristic
consequence of shock [7-+4]. It is usually ascribed to
the local effects of hypopertusion and tissue anoxia.
Our study was undertaken to determine whether
other factors carried in the blood stream may ac-
centuate and contribute to impaired cellular me-
tabolism. dystunction and death.

Material and Methods

Fourteen domestic pigs (30 to 45 kg) were starved over-
night. Thev were sedated with ketamine hvdrochluride
(Ketalar®), 6 mg/kg. and anesthesia was induced by Pen-
tothal® sodium intravenously. Tracheotomy was pertormed
and the animals were connected to a Harvard large animal
respirator. Anesthesia was mamntained with 50 pereent
aitrous axide in oxvegen and mtermittent diazepam intra-
venously (Roche Laboratories) The carotid artery was
catheterized and used for monitoring arterial pressure, and
the jugular vein was used for intusion of Ringer's solution.
The right femoral artery and vein were catheterized as
sources for withdrawal and remtusion of blood durng
shock. Then 500 ¢c of venous blood was withdrawn slowiv
into heparinized svringes (16 units of heparin per cubic
centimeter of blood). Volume was replaced with Ringer's
solution at a rate sufficient to prevent a decrease in mean
arterial pressure. The venous blood was used to prime a
pertusion apparatus to he desernibed later

The lett temoral vessels were solated. catheterized and
immediately connected to the perlusion apparatus. sola-
tion was effected by ragd amputation, and pertusion of the
left hind limb was begun immediately. During pertusion
the animal was bled into hemorrhagie <hock for 1 hour,
Mean arterial pressure was decreased to 60 mm Hy lor 20
munutes and then 10 mm Hg lor 10 nunutes. The ammal
was then exsanguinated and the shed blood constituted a

From the Oepartment of Surgery. John A Burns School ol Medicine, Uni-
versity ol Hawan, Queen's Medical Center. Honolulu. Hawan
Reprint requests should be adiessed (o J Judson McNamara. MO,
Queen's Medical Center. P O Box 86 1. Honoluty, Hawan 96808
Presented at the 5 1st Annual Meeting of the Pacific Coast Surgical As-
sociation, Kauar, Hawan, February 17-20. 1980
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shock blood pertusate used to prime a parallel pertusion
svstem.

Perfusion system: The parallel pertusion <vstem used
tFigure 1) consisted of a venous reservorr closed to the at-
maosphere, a low flow perfusion pump that provided non-
pulsatile flow tmodel HME232, Traveno] Laboratonies, a
membrane oxvgenator (model 0400-2A Sei Med), a heat
exchanger tmodel SMO337, Travenol Labhoratoriesy, and
Silastic® tubing. The heat exchanger was set at 37°C and
the limb was wrapped in a warming blanket imodel K-20,
GRI Medical Productst, also <et at 37°C. Statham AA
pressure transducers tmodel P23 were connected by <ide
ports to the imb arterial and venous catheters and pertu-
sion pressure was recorded on a Gould tour-channel hrush
recorder timaodel 4403 Gas Hlow through the membrane was
maintamed with oxvegen and Carbogen® tanks

Blood gases, pH, hemoglobin, vlucose, Lactate and elec-
Yrolvtes were monitored trom artertal and venous samples
tram the pressure ports and were corrected when needed
to manntam values within normal physiologie ranges

Brace and Guvton 3]0 studving transcapillary thad
dvnamies i solated dog b pertusion, nated that a
pertusion pressure of 30 to M0 mm He was optimalin pre-
venting thud <hitts in the isolated perfused hind b A
series of prelimmary experiments in which the imb weiehts
were monitored contirmed that 50 mm Hg ot pertusion
pressure provided optumalcready ctate perfusion in paes.
Werh a canstant pertus.omn y oossure of 30 mm Hg, imb
werght was niuntaned at a constant level and oxveen
constmption was maximal, Theretore, steady state per.
tuston ol the b was establiched at whatever How was
necessary Lo mantan a constant perfusion pressure ot 50
mm Hy

As oot s thie lunb was ampotated, perfosion was hegan
and blood was, pHand plucose evels were normalized by
adjustment ot gas low and iection of sodum bicarhonate
and 5 percent dextrose into the venous reservorr as needed.
Limb resistance normally decreased slowlv aver the tirst
20 nunutes of pertuston until a steady state was estahlished.
When limb resistance reached a steady <tate, that tlow
value was considered the normal haseline. The shock hlood

47
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Figure 1. Schematic diagram of a parallel perfusion
system.

trom the exsangmnated anmial was ased to prime a parallel
pertusion svstem Fenre Doand was rreated m the e
manner Switching pertusion from normal to shock bload
and vice versa was ettected by somply clampimg or un.
camping the appropriate Yin the tabimz on hoth artenal
and venous stdes R vare 1y The imtnnsie volume i the

limb and pertusian lines distal 1o the swatching site con

~titnted [0 percent of the total priming volume. This 1o
percent mixing of normal and ~hock blaod o switehing to
the alternate parallel sestem mav have shivhtlv diluted the
impact of hoth the <hock blood pertasion and the restora-
tron ot mocmal pertasiar on the variables sendied in the
wsolated limb.

In <x control animads the Tnmb was pertiused with normal
blood intl steady <tate normal tlows were obhimned Atter
13 minnites ot pertusion at normal tlow. the tow was re
duced ta one-halt normal dschemie thao and pertased tor
mother I muntes alter which tlow swas veturned to nor
mal. Arterial and venons biood <amples were taken and
pressure and tlow poted tor vach thoaw <tate tor ealenliion
of oxveen consumption, b resistanee, plateter connt and
platelet percentage ageres o to adenosine diphosphate
The protocol was repeas sith shock blood and then
perfusion was retarned cuoe v to normal How with
normal blood.

Incenshe addienal przs the <ame procedure s tollowed
exeept that analpho adreneryie blockne agent, phento
Fomine «o0 5 cwas added to the s enous peservoir of the
PEFIISION <A ste

Treatment of daca: Oxvzen conamption was caloy
Lated tram blood Hlow and <simultaneons measurements of
wterialand venous oxvgen and carbon dioxide pressares
and hemaglolhim. Blood How was determined from the
precalibrated pump setting. Peripheral vascular resistiance
wis calealated trom the arterial and venous pressure dit-
terences through the limb and the precalibrated flow
Blood zases and pH were determined using a hlood gas
machime tmodel 127 and L Instromentation Laborato.
rie<t, and hemoglobim was obtained trom o co-oximeter
tmodel IR20 Instramentanion Lahoratariesd

Platelet samples were prepared with unopettes (Becnan,
Dickinsam and counted i a Neabauer hemaevtometer
Platelet avgrecation to adenosine diphosphate was per
tormed an a platelet goarecometer cppodel 30N, Chiranaolog
and recorded on astop recorder tmodel 7020 Chronolog)
Venous blond samples, 0.6 mlowere centritiaed an 1750 tor
15 minutes to recover the platelet rich piasmaand 002 |
of stock adenosine diphosphate clod e milt was mnected
nto 08 ml <amples of plateles rene plasmas Percent
agrregation was detimed as the peak percent change i hehe
transmission atter the addition o adenosime diphos.
phate

Controls: The vesult< m <y control anmals are
~hown o Table L Pertusion svith <hock blood pro-
duced a Lirve and immedite incresise in peripheral
vascular resisianee bn tive of <ix timhs, resistance
during pertusion sith <hock hlood inereased <o mnch
that normal tlow conld not be ecrablished and onfv
“ischemic™ tlow conld he maintaned. Peripheral
vascular resistance mereased from 0.5 amits o pe-
ripheral resistanee (PREDY wirh normal blood at
normal How CNN2V o 2.0 PRU with <shock blood at
schemie tlow e op <. 0055 Inconteast, peripheral
vascular resistanee tar normal Hlood ot ischemie flow
N was ot sieniticantiv dhiterent trom that oy
nermal blocd ot normal How oNS o < PRU tar NG
compared with 09 PRU tor NNTo Oxveen con.

TABLE | Blood Flow. Peripheral Vascular Resistance, Oxygen Consumption, Platelet Count and Platelet Aggregation

in Six Control Limbs

Posppihiee b ey ;0
FEEENTINY on npon Al FAICNT
Perfusion Bl o) Rova . anee o TRV Agareaton
Time (minm Conadition st iy PR i e 0, A ADE
0 NN 6.4 19 O 03 15 ¢ o did e g et
45 N1 30+ 10 N8 + 04 12y TAs e RA R
50 MIN2 63 t 15 08t 03 1y 06 A St
30 S AR AR N7 h AR .
35 NN3 64 t 10 T E 0 P10 SVR e e s
AMean values t standard deviation for aiccontrol b ADRP = adenocne diphospnate. Ne= normar oot s cbem s naws HE o ey

Hood. normat low: Si = ahock blood. iIschenie How

The Amenican Journai of Surgery




KQOC - cemA b avg T o
e pand >0

PLATELET COUNT

ey [S v )

PERFUSION TIME (min)

Figure 2. Platelet count over lime during perfusion with
normal blood compared with shock blood ( mean t slan-
dard error of the mean).

sumption was signiticantly lower for pertusion with
~hoek blood at ischemic flow 30 (0.7 mlbzmind com-
pared with perfusion with normal hlood at normal
Fow tNN2 L md mim tp <0000 or normad blood
aCtschemie tow IND 1.2 mbsming op <O08), or re-
pertusion with normal blood ar normal How £NN3)
VD mibmung tp <005 Oxvgen consumption and
peripheral vascular resistance were not siamticantly
ditterent during repertusion with normal blood
CNNGD compared with NN Nvor NN2

In three control anumals the platelet count was
determined at the beginnmyg of perfusion and at 3o
minute mtervals durmg pertusion tor both shocls and
normal blood «Figure 2 In hoth shock and normal
Wood, the platelet commt decreased signiticant v
between the onset ot pertuston and | hour ot pertn
<tont tp <0nd In normal blood the platelet count
appeared to level ol after 30 minutes of pertusion,
whereas i shock blood the platelet count continued
te decrease with time. Platelet aggregation showed

TABLE 1t
Phentolamine-Treated Limbs
Partusion Flow 1Q)
Time (rmin) Condition tmi ming
690 NNt 54 + 20
H0 N 53 + 18
95 NNQ 53 ¢+ 20

Shock Blood Induced Tissue Anoxia

[ rontrole >0

-~ &
Lorectriaming O= =0
.

PVR (PRU's)

PERFUSION TIME (min)

Figure 3. Peripheral vascular resistance in conltrol limbs and
phentolamine-treated limbs during perfusion with normal
and shock blood ( mean + standard error of the mean). NN
= normal blood/ normal flow; S| = shock blood/ ischemic
flow; SN = shock blood/ normal flow.

no change throughout anv ol the experimental
states,

Fractionared plasma catecholanine jevels were
meastred by radioenzvmatic asav i one ey poriment
m this series and showed an imerease m epnephicime
trom 15 peombin normal blood tovio pe mibin <hock
blood and a concomitant inerease in norepinephrine
from Sfto £.0s0 pe mi

Administration of an  alpha-adrenergic
blocking agent: In cicht additiond pius the <ame
procedure was Tolfowed exeept that an alpha ad
retergie blockme agent, phenteiamme (00 me was
added to the venous reservorr of the perfusien <vs-
tem. Uhentolamine chiminated the increased pen
pheral vaseudar resistiunce seea wih <hack blood i
every case Chable THand Fiearve 20 T two b= the
phentolamine wias added to the sustem atter ~aock
blood pertusion had been established and the sl

meren o “heral vascular resistancee had oce-

Blood Flow, Peripheral Vascular Resistance, Oxygen Consumption and Platelet Count in Eight

Pernphnral Pratesiet
Vaseatar Ouygen Count
Resistancr o, amphion fVONOS )
(PRULN VO, el (= 1000
10+ 023 13¢06 JR3 e 92
10 +04 T 0 242 ¢ 35
10404 10t 05 273 + 66

Mean values t standard Jeviations tor eight phentolamine-treated imbs NN = normal Hiood normat How. SN = shock blood normal

How

Volume 140, July 1980
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20 .cntrols o9
r REEN-S)

pheglolcm.ne O==0
LI

VO, (mi/min}

i
|
o] lg L -
50 80 elo}
PERFUSION TIME (min)

Figure 4. Oxygen consumption in control limbs and phen-
tolamine-trealed limbs during perfusion with narmal and
shock blood (mean + standard error of the mean). NN =
normal blood/ normal flow; SI = shock blood/ ischemic flow;
SN = shock blood/ normal tlow.

curred. T'he icrease in peripheral vascular resistance
was eliminated with phentolamine. In the remaining
limbs the phentolamine was added to the normai
bload hetore switching the perfusion to the shock
blood and in these cases no increase in peripheral
vascular resistance with shock blood was noted.

However, oxvgen consumption remained lower in
every case during shock h'ood perfusion despite
normal tlow rates (Table Il and Figure 4y Mean
oxveen consumption during shock blood pertusion
was 0.9 mbymin compared with 1.3 ml min tor normal
hivod (NN (p <0051 As in the control amimals,
oxveen consumption during reperto- won with normal
blood ONN2Y was not signihieantly ditferent from
mitial levels ENNDL Platelet conmt wa not ~iumt
cantly lower tor shock blood than tor pormal
l‘,hm(l.

Comments

Our study shows that pertusion of ansolated pie
hind b with <hock blood results moa <siemicant v
mereased peripheral vaseudar resistance that can be
Blacked by phentobimme However o samicant iy
recliced oxvgen cotsamplion seen during perlusion
with shock hlood s not elimmated with phentolam-
ine despite normal peripheral vasenlar resistanee,

Reduced oxvgen consumption wis ~een in every
case during pertusion with <hock blood  Oxveen
consumption amproved durmg repertusion wath
nornul blood and was ot signiticantly ditferent trom
imitiad values. Theoretical mechanisms tor reduced
oxveen consumphion in shock blood include arte-

50

riovenous shunting and metabolic tactors mtertering
with oxveen uptake or utilizanon

Role of catecholamines: Increased plasma cat
echolamine levels in hemorrhiae shock were docn
mented over 6t vears ago by Bedtard (6] and have
been measured regularly <ince then in manvy forms
of shock. Circulating catecholimines canse a decrease
in clotting time. an increase in blood glucose, mo-
tropic and chronotropic stimulation of the heart and
cutaneous and visceral vasoconstriction.

As mentioned in the results.a 10-told increase in
the epinephrine level and an ~o-told increase in the
norepinephrine level were measured in <hock hlood
i one experiment in this series. The elevared cote.
cholimine levels i <hock blood were turther e
denced by the sizniticant increase in peripheral
vascular resistance durme pertaston with <hock
blood. which can be entireiv hiocked with phento-
lamine. Reduced oxveen consamption in the pres-
ence ol elevated plasma cotecholamine levels can be
adequately explamed i the cantrol punials by re-
duced blood flow due to vasoconstriction. ' obvioaslv
does not explain the observed reduced oxveen con-
sumption in the presence of normal blood How m
phentolamineareated anmals

Otner factors: A varnety of other tactors have
bheen postudated 1o explain reduced oxvgen con-
sumption in shoek. These mdude platelet qeereca.
ton, changes in blood attinity tor oxseen and a va-
rety ol humaoral tactors cuch as histimmine, <erotonin,
bradvkinin, kallidin 1 angiotensim 11, adenosine,
prostaghindins, thromboxanes, <mooth muscie acting
factor [ 71 acid hvdrolases IsTomvocardnl depressant
tactor (9], lvsosomal engzvme [70] <planchnie 1sch
emic tactor [Tol plasmatactor {10 and cardtoxie
material 777 Which ot these factors may he pe
spatsitle tar the tindings moour stady s ol
known.

Deterioration in cell membrane tunetion has heen
documented atrer <hock [721 Appelaren [ 5] inves.
o aated severelyv depressed tissae-hlood exchange i
the presence of apparentiv adequate whole arcan
tHow. He ~tudied the relative roles or pertusion and
dittusion o the passive eschunse ot low mialecnlan
~ubstances between the cell and blood in <keletal
muscle m hemorrhagie hock i does He conclnded
that tissne hlood exchanee i« distarbed in <hock
hecause ot both a reduced perfusion and a veduced
dittusion, but that reduced dilfusion may he inter-
preted as <umplyv due toa reduction i the number of
pertused capilfaries in ~hock or ae anecen capillary
perttusion. He sugpests that the distribution ot flow
through capillaries is regnlated separately from the
total blood flow, although the mechanism tor mal-

The Amencan Journal of Surqery
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diztribution during shock is not known. Arteriove-
nous anastomotic blood tlow has heen responsible for
a stmilar phenomenon observed in the septic hind
limb of dogs [7/] but has not been investigated in
hemorrhagic shock. Arteriovenous shunting then is
another reasonable explanation tor the observed
reduction in oxvyen consumption,

Our study shows that oxvgen consumption in
shock is signiticanty reduced even in the presence
of apparently normal blood tlow. The mechanisms
involved in the observed reduction of oxvgen con-
sumption are purely speculative and subject to fur-
ther study.

Summary

Anisolated hmb perfusion svstem in pigs was nsed
toassess and relate hemodynamic vanables tooxyeen
consumption in shock. Pertusion with shock hlood
results in a signiticantly increased peripheral vasenlar
resistance, which can be blocked by phentolamine.
However, a signiticantly reduced oxvgen consuamp-
tion seen during pertusion with shock blood is not
eliminated with phentolamine despite normal pe-
ripheral vascular resistance. The cause of the reduced
oxveen consumption is not known, but the results
suggest that other factors apart from a decreased
hlood low due to catecholamine release are impor-
tant in contributing to end organ anoxia and tailare
in shock.
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Discussion

John Benfield +Duoarte, CAx Do MeNamara and his
associttes have made considerable progress in developing
ansetul modelwith which 1o study chock, They have shown
about a 25 told increase in vascular resistanee and roughis
a one third 1o one hal' reduction in oxvgen uptake in a
pressure-regulated perfusion svstem in pres when the
pertusate is blood from an animal in <hock. Thev have also
<hown that the hemaodynamie consequences can Largely he
nevtralized with an alpha - adrenerge blocking agent, but
that phentolamime did not reverse the metabolic conse-
quences that they measured

Although one ot thetr kev references i« dated more than
hadt a century ago, chineal surgenns have begun to think
and act about shock in metabolic terms only relatively re-
cently Tam referring to the st controversial issues of the
e and abuse of corticosteronds or Casodilators tor treat -
ment. These therapies retlect our recosnition that the
mpaortant consequences of ~hock are it eftects an cell
metaboliem and perhaps the cell membrane, and that
varables sich as vasonlar resistanee and oxveen uptake
are hest viewed as indicators ot events at the cellular lesel
For example. tundamental work <uch as this makes us
question st how much avveen is actuadlv bemng debivered
tothe cellsand what humorsd tactors moas he actinge on the
cell membrane How much unevenness ot hlood tlow or
~huntmg s assocnted with pertasion of inasolated iimb?
racse these gquestions not expeatmg any answers todav,
hut rather s a projection of zoals tor the tatare

The preparation De MeNamara md his group have
studied i< o demandimg one, makime it ditiiendt to alwavs
abtan the theoreticalv desired contrals For example, the
elfects of adreneruie hlockade were studied i ane gronp
and not in another and pertusions with normal blood
seemed alwavs to precede trinds of pertusion with Sk
Blovd T wonder i1 we know the eftects o pertusion ath
~hock blood had heen done bt NMore somply stated, oo
vorn el us toowhat degiee vown prepacation fends o does
not dead asell to mternal controls or hiow long aepere fa
rehable nhservation s possihile alter vach preparation s
made’

Donald D). Trunkey 1San Franciseo, CAv One imter
pretation of vour datais that this s a physteal rather than
a4 physiologie phenomenon, particulariy i regard to dif -
iston Anv iimnerease momterstitial swelling would cause an
terease i the dittasion distance. Did vou make anv <pe-
e measurements i that regard™ Did vouweigh the hind
himb preparation betore and atter its control and <hock
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pertusion or did vou take anv other measurements 1o
document an increase in the interstttal edema, or hoth?

Another interpretation of vour data s that vou simpl
have not provided substrate. In other words, ovvgen con
<umption iz also dependent on the state of respiratory ae-
tivity and whether or not there s a change in the AP
ADDP-Os ratios. Did vou measure that alsa?

Nicholas A, Halasz (San Diego. CA): One of mv ques
tons is refated to what Do Trankey reterred to, interstitiad
pressure. Inaddition to measuring weizht, it is now frly
easv with wicks inserted into the sublacial plane to actually
measure interstitial pressure. [ would be most interested
in the results of such studies now or in the future.

The xecond question has to do with another potential
explanation of thix peculiar change i oxveen uptake, that
15, st =imply aomatter ol achange in hemoglobin™ owonld
he interesting to know what level the venons oxveen pres
sure decreased and. speciticallv, whether PO was de-
termined.

JoJudson MeNamara ielosimgr A tew ceneral com
ments that to some extent were athuded 1o by the tirs
discusser, Dr. Benfield. Since the importance of taid re-
placement in hemorrhagic shock wis recognized in the
Fs0s and 1910, attention bas been tocused on the mul
tiple organ tatlure svndrome. These problems ire seen atter
etfective hemodvnamic resuscitation trom shock mcluding
pulmonary insutficiency, renal Tatlure, stress nlcer, <urgrcat
metabalism, liver fudure and depression of immune
mechamsms. Al of these complications are directiv refated
to the zeveritv of the nutial insult. Bt theretore becomes
apparent that we should not disregard the need to contimue
tomvestigate the mechanism ot and improved therapy o
the mitial imsult, the epsode of <hock. To other words, can
we more rapdly restore nutrient tissie blaod thow 1o
normal”

We have shown recently i another model that siseeral
bload flow. that is, spleen. portal and intestinal tow, and
bronchial low remain suppressed tar as long as 15 hones
ater resuscitation to haseline valies of anmimals in hem
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orrhagic shock. The carrent stady <how < that some meta-
bolic detect <t} presists man iddeqguately prertused limb
swhen it s perfused with <shock blood. This efement may
Asomtertere waith re<toration o) normal nutrient blood
tlow ob the tissue, My pomtois that there is <t much to
tncover ahott the acute resascita e phase ot shock and
the Kinds of things that we can doto actually restore nu-
trient hlood tloww to normal.

Neoww to answer some specilic questions, Dr Bentield
rarsed an mportant pome recarding the maodel. We can et
about 3 asetul hanes of a steady state pertusion svstem In
this particalar experiment, after we have established
~teady state and bled the ammal into <hock tor | hour, we
donat hane time tor much manipualation with the svetem
betore deternoriation of steuds stare begins.

Dre Frunkev asked <ome very cogent questions about the
~tatus of interstitial thad o the Tiemb We have measared
and momtored limb wesehie< We know that himb wesght i~
stabbe bt have not looked at interstitial edema specitioails
The chances in vasendar resistance and oxvgen consamp
ton are inmediate, so b donbn that tssue edema and o
terterence with anveen transter plav oy role Sinalariv, we
hinve et specilicallvinvestiated changes i oxvgen Poo)
A~ another possible mechanism o reduced onveen con
sumpton. aithough Dro Alden Harken noted <ome decrense
meonvzen constmption with adecrease m .0 het not
i the order o magnitode we <an Fisallv, we have no
meastrement of actoal substrate ~upplv.

We hive however dentitied the ettect of <hack blond
on the delivery of oxveen to the tissue in this partieniar
model. Weiee most interested in the presence of arterso-
venous shuntime. We have studied three or four ammals
aned e heen able to demonstrate excessively rapd ap
pratance o dve m the venons pertuston, sugsestimg that
there 1~ arterniovenons shunting, We decided o address
arteriovenons shunting as the tst pos<ible mechanian o
decreased onveen consumption because other dataan the
Iteratare sucgest that this i< amechamsm and it has been
identhiced s mechanism (or reduced oxsen consumption
Msephic shock W hape to have the apportunity to present
~ome of these addmonal data i the tature
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