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SUMMARY

This contract, which ran for two years from September 15, 1979 through October
31,1981, was designed to evaluate the effectiveness of current hemoglobin solutions as
they coulqd be applied for the resuscitation of combat injured soldiers. The contract
comprised essentially three studies: (1) evaluation of two different hemoglobin
solutions using an acute right heart bypass swine model to carefully evaluate
myocardial function, (2) evaluation of two different solutions using a minimally
instrumented canine maodel 10 determine the general wtility of the solutions in an
awake, exercising model, and (3) evaluation of the current non-modified hemoglobin
solution using an exercising swine model with more extensive instrumentation.

The first study used an amplified animal model previousty developed by the
author, the other two studies used chronic animal models developed for the purpose of
this contract in consultation with members of GCSD. The evaluations utilized
messurements of blood gases, oxygen contents, blood lactate, cardiac and peripheral
pressures, iotal body and organ blood flows(directly and with radio-labeled
microspheres), cardiac dimensions(utilizing sonomicrometry), and exercise
performance.

Results from the first study, which evaluated the basic hemoglobin solution
without modification and a modified solution with a higher P-50. Sonomicrometry was
used w measure myocardial dimensions. but even with this improved methodolozy it
was not possible to demonstrate a significant improvement in cardiac function with the
hemoglobin sc'ution over an aibumin solution at the 50% exchange level. The two
hemoglobin soiution groups had significantly higher arterial contents, and higher
mean myocardial oxygen consumption and arterial-coronary sinus oxygen differences,
but these differences d4id not result in any improved cardiac function on the part of the
hemoglobin aniais. Animals receiving the modified hemoglobin solution did have a
slightly higher in-vive P-50. but no other physiologic changes could be determined.

The exercising canine shady again looked at both hemoglobin solutions and
compared them with asimilar S50% albumin exchange. The animals were minimally
instrumented to allow for blood sampling and heart rate monitoring during exercise.
Although no major advantage could be discerned from the modified solution over the
unmodified solution, animals that received either of these solutions were able to
exercise significantly more than the albumin exchanged animals. Furthermore these
same hemoglobin solution animals had lower resting and recovery heart rates. As was
the ¢ase in study *#1 the hemoglobin solution animals had higher arterial oxygen
contents than the albumifi transfused animals.

The third and final study in this contract used a heavier instrumentation in a
swine madel and compared unmodified hemoglabin solution with a50% albumin —
exchange. In addition to the more complex hemedynamic instrumentation, these ﬂ
animals also had microsphere determinations of organ flow during rest and exercise. o)
Mean exercise performance was better with the hemoglobin solution, although not O
significantly so as was the case with the canine study. Abnormalities in dlood flow d O
distribution were generally noted with the albumin solution, whereas the hemoglobin

animals had blood flow responses that were essentially unchanged from the initial 1
non-exchanged condition. Exercise arterial-venous oxygen content differences and

arterial lactates were better with the hemoglobin solution. Myocardial mechanics, ,‘*———'——-“--4
however were rnot effected by the hemoglobin solution, and the albumin exchanged ]
animals had similar indices of myocardial performance. ity Codes
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tur basic conclusion from these three studies is that even a basic unimodified
solution is effective and non-toxic in providing an increased oxygen content that is
then translated into improved hemodynamic performance  The major problems of
improving oxvgen off loading and incressinig intravasculsr retention persist, however
we feel that these results provide encouragement in the development of a hemoglobin
solution that is an effective biood substitute.




FOREWORD

This report contains no copyrighted material, and there is no material
designated for limited distribution. Citations of ¢omrmaercial organizations and trade
names in this report do not constitute an official Department of the Army endorsemetit
or approval of the products or services of these organizations.

In conducting the research descrived in this report, the investigator adhier=d
the “Guide for the Care and Use of Laboratory Animals,” prepared by the committee on
Care and Uze of Laboratory Animals of the Institute of Laboratory Animal Resources.
National Research Council (DHEW Putblication No. (NIH) 78-22, Revised 1973).




BODY OF REPORT
STUDY *1

This initial study which was designed 10 examine the response of the
myocoudiud 15 a rapid exchange transfusion with eithier & hemoglobin solution or an
albumin solution utilized a perfused swine right heart by-pass model. This model
represented an extension of a similar model developed by the principal investigator at
Letterman Arfay Institute of Research prior to the initiation of this contract. The
maodel itself underwent significant develogment during the time of this contract that
consisted primarily of the addition of ultrasonic crystal measurements of myocardial
dimensions. Standard. previously developed transducers were applied to this model.
The addition of 1his new technology has aillowed us to make more accurate
determinations of ¢changes in cofitractility, a8 well as the determinations of general
hemodynamics and metabolic responses previousiy available in the older mode!. The
zonomicromelry technology continues o be developed and refined so that consistent
and accurate messurements ¢can be obtained. The major technical probleias relating 1o
the applicaticn of this technology to the swine model were essentially solved durir.
the contra¢t period however.

The results trom this initial study have been published{1 2). Reprints of these
publicarions are available in the appendix, and only a general summary and
conclusions are presented here. This study tasically involved performing an exchange
of approximately S0% of the animal's blood volume while the animal was on
cardiopultnonary bypass. This resulted in a reduction of the anigals normal
hematocrit of 30% down t0 15%. Exchange transfusions were accomplished using
approximately 2 liters of either a 7% albumin solution, a standard unmodified stroma
free hemoglobin solution(SEHS), or a stroma free hemoglobin solution modified to
increase its P-50 from 15 10 25 Torr. The transfusion of either the unmodified or
modified solution at the 50% level resulted in only a modest difference in the "in-vivo"
P-50 of the transfused animal that did not reach statistical significance. This lack of a
significant difference in the "in-vivo" P-50 of the two SFHS groups was probably
responsible for our failure to find any significant differences between the cardiac
performance or metabolism in these groups.

Ve used stroke volume at 14 Torr LVEDP and percent segmental shortening as
our primary measurements of left ventricular functaon. Myocardial performance did
decrease significantly in all groups, and although this decresse was largest in the
altumin exchanged group, there was no statistically significant difference between
the decreases in the three groups. Coronary blood flow. measured by direct drainage
in this study, increased in all groups. This increase. which was most probably due to
the anemia sustained by all animals, was not significantly different between the three
groups. As expected, arterial oxygen content was significantly decreased in all groups,
and this Jecrease was significantly greater in the albumin group. The decreased
arterial oxygen content was apparently not below the <ritical wvalue in any group
however, since there were no significant differences in myocardial cxygen
consuption, arterial coronary sinus oxygen content difference, or coronary sinus P02
either within or between groups. Lactate measurements were obtained to determine if
the post transfusion anemia would result in any significant anaerobic metabolism.
Again our level of anemis was probably above the critical value. and nec group
manifested lactate production, or a significant drop in lactate production.




The arterial oxygen content data supports the concept that transfusion with
stromea-free hemoglobin soution in a 50% exchange model does result in more oxygen
availability for the myocardium than if a non-oxygen carrying solution is used.
Although trends in myocardial performance also suggest an advantage with SFHS, the
magnitude of that advantage us surprisingly small The reduced arierial oxygen
content with albumin in this 50% exchange 4id not result in a marked reduction in
myocardial performance that weas significantly reversed by the use of SEFHS. Alsoof
interest was the finding that the increaged arterial content with either SFHS did not
result in any advantage in terms of coronary biood flow, myocardial oxygen
consumption, arterial coronary sinus oxvgen content difference, coronary sinus Plg,

and lactate extraction.
STUDY *2

The second study represented our first attempt to evaluate the effects of SFHS
exchange transfusion in awake animals not subject to the effects of anesthesia and the
surgical stress of cardiopulmonary bypass. Minimally instrumented dogs were used in
this study which evaluated hemodynamic performance both awake and with exercise.
This study sgain attempte’ to evaluate the three basic solutionis evaluated in the first
study. The results from this study are partially published in two publications{(2, 3), and
completely published in a manuscript submitted for publication(4). Copies of these
publications are available in the appendix.

Since the details of this study are currently available in putlished or finished
manuscripi forin, only a brief summery of the results will be presented here. Jur
major finding in this stady consisted of the marked difference in the exercise response
of the 5FHS exchanged snimals versus the albumin exchanged animals. Animals were
exercised approximately 30 minutes after their exchange transfusion. The animals
receiving either a sham exchange or an exchange with either of the SFHSs were able to
exercize at close to their control values. whereas the albumin exchanged animals had a
marked decresse in their exercise performance. The minimal instrumentation given to
these animals did not allow us to make detailed hemodynamic measurements, but the
measured heart rate responses of the animals were markedly different depending on
=hich solution was received. Albumin exchanged dogs had asignificantly increased
resting heart rate, a lower exercise heart rate, and an elevated recovery heart rate
when compared with the other groups. Arterial oxygen content differences, venous
P02 and arteriai-venous oxygen content differences were less in all of the exchanged
animals{except for the sham transfused animals), but there were no significant
differences between the exchanged groups that would indicate an advantage for the
SEHSs As expected the imposition of an exercise stress resulted in elevated lactate
values in all groups. The albumin animals had an elevated mean resting lactate after
exchange that suggests some anaerobic metabolism in these animals even at rest.

The results from this study uniquely show that there is a difference in the
exercise response of the animals depending on whether a SFHS, or or an albumin
solution is used. This differenice was apparent even though the exchange was only at a
50% level. Of further interest was the fact that when the snimals were followed for 7
davys their exercise performance returned to normal regardless of the solution that was
used for the animal’s exchange.

STUDY *#3

The third study comtined the more extensive cardiac instrumentation used in
the acute swine preparation with the exercise stressed model initiated in our second




study. The instrumentation involved the performan<e of a thoracotomy and the
subsequent placement of various sampling catheters as well as the placement of a high
fidelity pressure transducer. The operated animals, which had previously been trained
10 run on a treadmill, were allowed to recover frofz their operation prior to being tested
with and without exercise before and after an exchange transfusion. Since our
previous two studies had failed to show any significant effect of an improved P-50, we
did not evaluate all three solutions, but merely concentrated on the unmodified SFHS
and the albumin solution. The details of this study are partially presented in three
publications(2,3,6), and in a finished manuscript currently submitted for
publication(5). These Jetailed documents are available in the appendix atid therefore a
summary of our resulls is presented below. The results are probably best presented by
looking at the changes that occurred with rest and exercise in the sibumin exchanged
animals, and ir: the SFHS animals.

Exchanging the animals with albumin solution even at rest resulted in a
decreased arterial oxygen content and arterial venous oxygen content difference as
well as an increase coronary blood flow and cardiac output. Largely as aresult of this
increased cardiac output total body oxygen consutaption did not change. Myocardial
function as measured primarily by sonomicrometrically determined dimension
changes was also unchanged. With the imposition of an exercise stress there were
additional marked differences in oxygen consumption, total oxygen transport, and
aortc pressure. Lactate production and left arterial pressure increased, and there were
changes in nrgan flow that congisted primarily of increases in coronary and cerebral
flow, and decreases in visceral organ flow. These albumin exchanged atiimals also had
a reduction in their exercise performance that was slightly greater than the SFHS
animals descrited below.

The SFHS exchanged animals incurred a significant drop in their arterial
axygen content, but otherwise had values similar to those obtained prior to exchange
transfusion. These SFHS exchanged animals did demonstrate a drop in their arterial-
venous oxygen content difference with exercise, but unlike the albumin anitais these
SFHS animals showed no changes in oxygen consumption:, oxygen transgort, lactate
production, heart rate, dE/d3t, or organ flood flow.

The findings from this study appear to suppor? the importance of having some
OXYgen carrying capacity in the exchange transfusion solution, even if the level of
exchange is only 50%. The effects of the non-oxygen <arrying altbumin solution were
seen primarily in the form of a hyperdynamic performance seen in the resting
condition. The animals exchanged with SFHS did not increase their myocardial
performance until exercised. It would appear from this study that increased cardiac
performance is required 1o support the matabolic needs of the body if oxyzen carrying
capacity is not included in the ex<hange solution. Following an exchange transfusion
with the SFHS the animals had rest and exercise responses that were consistently
indistinguishable from the control values. These hemodynamic results, as well as the
microsphere determined blood flow measurements suggest that SEHS may have a
significant value in normalizing the animals cardiovascular response, even if the
exchange is only for 50% of the animal's blood volume.

GENERAL CONCLUCIONS
There are certain ¢onclusions that zeem o be supported in patrt by all of the

studies summarized here. These studies document the general efficacy of even a basic
SFHS without modifications to enhance either its oxyeen off-loading ability or {ts




intravascular retention. This efficacy was nat demonstrated in every situation, tut
could be generally appreciated even when the exchange transfusion resulted in only a
50% reduction in the hematocrit. It would also appear that the solution: as tested in our
animal models are relatively non-toxic, as no animal had s adverse reaction to the
SEHS exchanges. The issue of the importance of P-50 and improving the oxygen off
loading characteristics of the sriution would appear 1o be insufficiently evaluated wath
these studies. Although we were able 0 consistently produce a SFHS that had a
significantly increased P-50. in no case were we able to demonstrate that the "ifi-vitro”
P-50 had a sufficient "in-wiwn" effect when evaluated in our 50% #xchange wmadels.

The results from this series of studies offers encouragement regarding the use
of SFTHS as a usable blood substitute. It would seem appropriate to follow these studies
with additional studies evaluating current improved solutions, utilized at various levels
of exchange.
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Hemnd_\'namic effi acy of stroma-free

lu*nmglo])in solutions as demonstrated

in multiple animal models (%)

WILLIAM Y. MOORES

The opintons and asscitions contained
horeti aoe the prnvate viess o the author
and wic noe 1o be consttued ws otticial or
as retloctimg the vicws of the Department
of the Ay il Department of Defense
(AR 360-3).

Iy conducting the rescarch deseribed in
this report, the investigation adherdd to
the - Guide for the Care und Use ol La-
boratoin Animals - as promulgated by the
committee on revision ol the « Guide for
Laboratory Anima! Fuacilities and Care .
Institute of Laboratory Animals Resour-
ces. Nutional Rescarch Council.

Improvements in obtaining and storing
homologous blood for transfusion, as well
as increased effiicency in administering
blood and blood components has resulted
in a current ability 1o meet most blood
replacement needs. Increasing concern for
blood-borne viral infections such as hepa-
titis and AIDS has provided i1enewed in-
terest for o blood substitute that can be
readilv available. safe, and efficacious.

Scveral experimental resuscitation flu-
ids currently have been evaluated. From
among these, stroma-free hemoglobin so-
lution appcears to have advantages based

Depariment of Surgery. VA Aedical Center
and Uroversity of California, San Dicgo School
of Mcedicine.

Fundio ot the studh provided throogt \eterarns Admi-
niccratior and the US Arme Researdd and Davelopment
Commart

N w2er o fenuta of Simposs Interrasionale sur sosti-

tui, arhiticial, sConmversano 1920 guagng 19571

primarily upon its abilitv 10 transport
oxvgen . In addition, it exists as a na-
turallv occurring protein which can be
transfused without any known allergic or
cross-matching problems | Stroma-frec
hemoglobin solution, in the Ivophvlized
state, has a relatively long shelf life and
has  previously  been  reported as an
« ideal » plasma expander‘ . Also, due to
its Jow viscosity . stroma-free hemoglobin
solution potentiallv mav be an excellem
candidatc for initiating hemodilution dur-
ing cardiopulmonary bypass .

Despite these advantages, there are pro-
biems associated with the use of stroma-
free hemoglobin solutions which need fur-
ther investigation. One problem concerns
the tvpically low P.. value (11-13 torr) ol
hemoglobin solution, resulting in a left-
ward shift in the oxvhemoglobin dissocia-
tion curve with increased oxvgen affini-
tv''. A second majur problem concerns
the relatively short biological retention
time "' of hemoglobin solution. In addi-
tion, although the kidnev-damaging cha-
racteristics of the earlier solutions have
been resolved with removal of red bloud
cell stroma" " **, recent published re-
ports ' ' as well as unpublished commu-
nications from various laboratories using
stroma-free hemoglobin solutions have
raised the guestion of non-stroma related
toxicity in the form of deleterious proco-
agulant, cardiovascular, and organ damag-
ing effects. These toxic reactions hawve
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madc the solution virtually unusable for
many of these investigators. Initiad inve-
stigations into the cause of these ton
reactions indicate that somce animal mo.
dels te.p. rabbity mav be inappropriate
and that special care must be eacrcised
to insure a high level of consistent qualin
control in the production of the solution
as well as insuring that the final sotution
is chemically balanced and tfree of endo-
toxin and pyrogens. Since we did not ox-
perience anv of these non-stromal asso-
ciated problems with our particular solu-
tions, we have not addressed this toxicity
issue in our studies. but have concentra-
ted primarily on evuluating the effeats ol
high oxveen hemoglobin attininy and shor
tened rotention time in solutions uscd 1o
eftect hemodilution i varions exchange
animal models.

Tuwoe of these probicms of Goncan i
out studices have been addressed by Greens-
burg and associates whe have repoated
that « perimatization, o!f spronaetiee b
moglobin salutior with poidesst 2ophos.

phate (PLPnut oy amproned Booselaes
without Impairing oxveor oy cane
city, but also o od e es e

tention time over unimodibicd voovrms

50 More recent work e oo
by Kothe and associces hos oo d
in turther solution mmprovencos vy

ing imtermolecular crosshinhing as weli as
pyvridozalization

Our studies ware designed to compare
the effects of three ditterent hemodiluting
fluids: 1) moditicd stroma-dree hemoglo-
bin solution. 2 unmodificd stroma-frec
hemoglobin solution, and 2y 7 <. albumin
solution in both dugs and pigs exchanged
to equal hematocrit Jevels and examined
under various physiologic conditions. We
specificallv wished o determine if the
greater oxvgen-carrving capacity of cither
stroma-free hemoglobin solution provides
any significant advantage in terms of sup-
porting mvocardial function and total bo-
dv hemodvnamics tat a reduced circulat-
ing hematocrit).

This report summarizes our expericnce
utilizing three ditterent animal models to

cvaluate the etficacy of stroma-free hemo-
globin solutions under diftferent physio-
logic situations. We used: 1) a right heart
bypass preparation in swine to make de-
tailed evaluations of mvocardial function
and metabolism; 2} an awake. excrcising
dog model. minimally instrumented wi-
thout a thoracotomy, 1o evaluate the ge-
neral hemodynamic response to stroma-
free hemoglobin solution hemodilution:
and 3) a more extensivelv instrumented
exercising swine model designed o eva-
luate post-exchange hemodynamics in mo-
re detail.

SWINE RIGHT HEART BYPAsS S1UDIES

MrerrHobs

Surgical preparation

Fifieen immature swine of eitheor sex weighing
approvimately 200 Kg were utilized tor this
<studv. All animals were anesthenized and surs
gically  prepared  as previcushy described by
us' with the modification that two pairs of
sonomicrometers were placed to measure myo-
cardia! segment dimension changes. All animalis
wuie induced with oxvgen and halothane (24
ot dess and endotracheal access was obtained
to support ventilation with a Harvard animal
volume respirator. Catheters were placed in
the temoral vein for administration of 1LV,
Hulds and medications while an additional ca-
theter was placed in the carouid artery for
puls¢ and pressure monitoring. The halothang
was discontinued after ten minutes or less and
ancsthesia was maintained with morphine sul-
phate while the animals were paralvzed with a
continuous succinvl choline 1.V, drip. Morphine
sultate was given in 15 mg injections in suffi-
cient quantity to Keep the svstolic blood pres-
sure less than 120 torr and the heart rate less
than 130 beats per minute. Following institu-
tion of adeguate anesthesia, a median sternc
tomy was performed and the animals were
cannulated for right and total cardiopulmonary
byvpass. The atrial-ventricular conduction svstem
was blocked with an intraseptal injection of
formalin to facilitate subsequent constant ven-
tricular pacing at a constant rate of 140. An
aortic tourniquet was utilized to increase aortic
root pressurc during low flows, while an arterial
venous shunt in the perfusion circuit was used
to decrease root pressure during high flows,
Two sets of mvocardial segment ultrasonic
crvstals were placed in the mid and apical
anterior left ventricular wall to measure seg-
mental motion. The crystals were oriented in
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S0t hemoglobin saturation: were calculated
usiny wil PO. and oxigern sawuration values
obtained during a contra!l or post-eachange
difunion condition.

Experimental seguence @i wiimal groug

All animals were subjected to baseline con
tro] measurements at a pre-exchange hemato
criv of 30 % A rapid exchange transfusion was
<ubsequentiy carried out utilizing approxima-
telv 13 000 All measurements were repeated and
represented  the difution values.

The 13 animals were divided into three equal
group~ with cach group receiving one of the
three following solutions: 1) 7 ¢+ bovine serum
albumin: 2, stroma-free hemoglobin solution
prepared by tiltration and centritugation: and
3 samilarly prepared stroma-tree hemoglobin
solution modified with peridoaa] phosphate to
decrease its oxvgen affinjiy -,

Statristical analysis

Statistuical comparison within croups were
made using paired i-test anchvsis, Twe evaluate
difterences between groups  one-wav analvsis
variance was used. A statisticaliv o signiticant
dittereonce was telt to Beoachieved whior the
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Caxooh dyndivie:

The presence of o higher arierial oy
ven content following hemodilution with
twou hemoglobin sofution groups m cuas
partson with the albumin group was the
ondy statistically demonstraved boneit of
Fomoditution with hemoglobm solutions.
Mean myvocardial oxygen consumption va-
Jues suggested that oxyvgen consumption
wus better maintained with hemoglobin
solutions. but the wide variation again
made statistical verification impossible.
Corunary sinus pO and lactate extrac-
ot were essentiadly unchanged foliowing
hemaodilution with anv of the three <olu-
tions

ENPROISING T STUDIE S
Mirriops
Tuwenty mongre! dogs 13045 Kee of citha
~sov previoushy traoned toorun oon a treadmill

were used. Following ancestbesia with sodium
pentobarbitol (23 my Kgr arterial and venous
catheters were placed in
gular

ju-
the

and
and

the carotid

vein for samphng  purposes
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spleens were removed The amimuads were al
lowed 1o recover for v wooss betore experi-
nentation bogan At this tinie, control measure-
netis wele collected during 1o~ exercise, and
recovery periods. These measuremenis included
ERG evaluated hewt rate and arterial and
venous blood samptes tor piood gas determi-
nation. hematoeris levels  artenial and venous
ovveeno content devens and ovenous lactate e
velso Al exarorse data and Blood samples were
collected atter the dougs Boo compivied four
minutes ol eNCIVisce INGiuGk ©otwo minutes  at
2 mph and tano manutes at 1 aphs All recoverny
data Was coltected on minulos pust exercise,

Foliowin_ these cunivol sneasurements, tour
StOups of five animals cacl were eachange
transtused with either then: own biood «Sham

hhanges T albunun ool cd strumea-treo
Ponogiodn souie o wrounn el stronaadree
Bomogiomy sl s e o onctege hemuatocrit
tve: o e A CS exchanged
aronaly wwhosg v, romaied e
Tiosras: v approximatehy

DA ES P S AN S o appiunimatey

o oho U Nt dugs had
Wi Biors oo ol wagihdrawn and

i

C U the antmals
et svlution.
S OWOie agam
Incaesurement
oo Wes Tepvaivds Ad
ol hemuto

1A PEERE O N L SO R

el ONVLOTD conieT T totad i time,
ard hears i (SO o T N S and  re-
covery wore wolivcicg 24 b s e howrs, and

GV s Postlraisius o,

Lomoditicd stroene-tred Lonogiobin solution
Was prepatad eoour Labhoo oy o manna
provioushh peportedt 70 -0 The average P
of thes solution was T o Modihicd stromae
free hemogiobs . sciution was also prepared
roour daboratery aocordis oo the method of

Greenbure o The Poooot ths soivon was ap-
pronimately tawice that of womoditicd stroma-
frec hemoglobinn solunern o 22 e, Seven

poereent albumn: solution wes prepared using
hovine sorun alnumin Fractor Five (Calbio-
cher Lo Jolie Calitorms o Al P micasure-
micits wore aceompinhod usng o Radiometer
Dissociation Curve Ancivse amiedel DCATY
Biood cas results were ofvanad using moded
A Bosad Ges Anahvzor chsoramantation La-
poratoties  TL 0 Lovmpgtor MY D Arteniad and
VODCUS oAU ol Tttt wete obtained
using an B 282 Coenvgnaier Venous Jadtate
loveis were deternenes aceordns to the teckni-

quo of Boeutler - 0 AL azerase runs swere per-
tormicd on o ~tandard Chircar treadmill starting
al 0ovrade and progrossanz o spead and grade.

A Complete eneroise rur conssted of completing
Cao o minute rutis ot 204 ane oo omiles per hour
ot 0 grade tollowdd by tour numuate runs at

&omfes per hotr an a0 : and S grade.

W. Y. MOORES

Totul run time was measured in nunutes with
a completed exercise run taking 18 munutes

Statistical analvsis consisted ol using Ana
Ivais of Variance, 1 way, follewed by a New-
man-Keuls Muluiple Range Tes.

Rist s

All animals receiving etther o Sham o
change or having an exchange with citha:
ot the hemoglobin solutions ran at levels
approaching control, as opposed to albu-
min-cxchanged animals who wuere signiti-
cantly Iimited (p .~ 0.05) in their exercise
capabilities. Onlv two of five albumin ani-
mals were capable of exercising toliowing
exchange, whereas all animals in the otha
groups were capable of exerorse

Atter 24 hours, unmoditicd stroma-tiec
homoglobin solution animals experienced
a signiticant drop (p- 0637 in total run
tmie compared 1o animals recening mico-
diticd stroma-tree hemoglobin solution o
antmals receiving o Sham oxchange. Al
albumin animals weic capable o exerans
ing at the 24 hour mark and increased
Hel averago running time trons 23 10 87
minuics. Despite this increase. albumim
and unmodibied stroma trec hemoglobin
solution animui~ had o totad excrcise time
which was still statisticallv Tower tha
the moditied stroma-tree hemoglobin s
lution group. After seven davs. ol animals
were able 1o recover sufticientiy o ar
proach control levels.

All animals were exchange 1o v
hematocrit Jevels and by seven dave -
exchange. all but the albumin group had
returacd to o level dose to control leveds
Heart rate results during rost exerdise
and recovery were obtained over the s
ven dav observation period. Albumim wa

mals. immediately tollowme  oxchanae
while sull at vest, had signiticantdy highe

heart rates compared 1o ol other oo
mals (164 3o 100 - 23 130 20 nd
1te 10 beats per minute, ;.05
Arterial oxveen content results obtar
ned immediately following exchange, sho-
wed that all three non-Sham giroups expe-
ricneed signiticant drops in ozvgen cone
tent when compared to the Sham exchan-
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ged animals (p- 0011 In addition, the
oxvgen content of the albumin exchanged
animals was sienificantly lewer than i
ther of the two hemoelobin groups 164 —
12ve 104 - 14and 109 —~ 0o ml O dL.
» .03 Through the 48hour period.
there was a shicht decresse in arterial oxve
gen content tor boeth hemog! hin erouns
while the oxveen content of the albumin
animals increased slightlv <o thar the
three groups wore indistinenisho™'c Bs
dav seven. howarer. both hemoolobin
groups had increased ther oxveen con
tent levels back to conteot values whilke
the albumin croup althoush Continring
to increese slowlv had valaos that were
o again siepiticonth than a'l
three other grouns i 03 Noo signiti-

chipacs

1 .
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detcored oarteriad

venuue onveen o ottent valuos Jocing the

However dovine oner
vthe two albonin-eschane
ocd animais canpah! ' '
frons the oohor

mean arterivenous onveor cont o did -

COnt wers
restine conditiog -

civcand recon o
Of enerorss JdE aed

s
throe crovrs vit, o o

ferences

Albumin oxchanecd animats o rost had

sientbicantlv Richer lol feva s commes
red 1o @il other groun IR
Cd 17 14 and 13 22 N\t L 7

S
recovers for the two albhomi
hie of exercisire followine oa !
higher thun lovels found tor cithier home-
alobin <olution, but the e’ saommnle i
of two limits our ahilinng 1o comnare these
results on o statistical basis Lactate e-
veis for both hemoelobis <olutions did
nut difter stenificantly frem the Sham
values for cither rost. reconaiy . or reco-
very following evchang.

Lactote Tevels duving overvies
1
Goras DM
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ENEROISING SWINE S71i0 s

Mitrnns

Fourtcen swine 4537 Koooof dithar <on weare
chronicallyv inctrumented i & naner <imilar
to that previoushv reparted 0 The <urcica!
preparation Was performed unde anesthosi

STRONIN-FREY HENOSLOBIN SOLUTIONS

T —
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censicting of induction with ketamine 1 mg”’
Ke IM) and surital (20 mz Ke. TV and main-

1orance with a combinanion of 03¢ halothane
with oxveen and ntravenous  succinvicholine
00 mgz 'L oar T oml nmun A left lateral thora-
cotomy  was performed through the fourth

intercostal space and  the  pericardium was
enened. Left ventriculy: internal diameter ul-
rraconic dimension crverals were implanted as
mdicators of global heart mechanics Theso
internal diameter ervstals were positioned by
nulhimg one crvetal with Qs wire through the
lett veniricular lateral wa!? with a large needic
in the manner desorihed by Bichop . The
ervstz] remained in the left venticular ¢hame
her agairst the septum while the Jead wires
cortinued out throuch the septum and right
ventricle. The second ervetal was placed on the
erdocardivm of the Jateral woll through the
trock created by the nassaoe of the firs orverad

Siastiy catheters (0857 ID were placed in
b descending thoradic aotta (1o monitor
noessure collecr bload caminles for bload gas

ard oxveer, content anahvas and o somve as
o rort for the withdrawa? of blood ~amples
deeee microsphoere anicctions the puimonarn
LYy to obtain o mined venous amnle for

Mood vas and oxygen content analvsis and
he dcET atriam (1o menitor pressure ard 1o
ot miicrospheress Ar 1A mm Givernal diee
moter o clectromarnetic fioe nrobe (Biotronix
Sheer Sprines MD: wi placed arourd th

roendine orta to measire output (CO:oand

acction aclogine

AT Cetheters and dead wires were hroush
ort of the thorach s caviny vie the fourth inrer
contal ongoe and then ren subdermells ety
Baot o where they were enternalized

aedi? funcrion

dimensions were measurdd using
mrlemed ultrasonic crvatals connected to a
conomicrometer (SA Changes in internal
dramerer during ventricular eicction F Ay
EDD.ESD - 160 divided by
FNND where EDD is end-diastolic diamicter and
ESD 1 end.vatolic diameter, EDD was defined
s the time cointident with the peakh of the
o owine of the EKG and ESD . the time
poirs of minimal chambor diamerer

Venriculae

vwere detined oc

Loajor g blood {low

Distribution of cardiac output wa~ deter
mitied by oinjection of carbonized microspheres
V13 micronsin a manner previouslv reported ¢
Regional bloed flow was calculated by the
method  deseribed by Domenech?t allowing
tlows to be expressed in ml min g tissue (wet
werght Tisane blocks of anproximately 3 grame
wore taken from the brain epicardium. endo-

*~Uls ta N7IC dozs not
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cardiun. Kidnev. spleen. intestine. stomach,
and skeletal muscle regions, These samples
were minced dried. and counted in a Packard-
Auto Gamma Spectrophotometer model 3912
cquipped with o multichannel analvzer. Ana-

Ivais ot the energy spectia was performed
according to the matrin imversion method of

Schosser ==,

Bloud gas analvsis and oxvoern content de-
terminations were derived fror. blood samples
tuhen from the arterial and tenous catheters

st prior to microsphere infection
Total oxvgern consumprion was defined as

arterial-venous oxveen content difterence » car-
dize outnut (ml'ke min: Total oxvgen trans
rertoom! OC'ke mune wes caleulated from
srieriad oxyvgen conteni cardiee output. Lac-
tate determinations were done using the tech
pigue of Beutler=o. Microsphores detected in
the Tones provided data for the percent of

cardics ouipss shunted croand the capillary
R

Iyl rreoroce!

Faomharizato, ol b wonals with tread-
Al ooneraise was carned our 1 the manner

this fahoratorv e, Twao
istrumenitation, cach

rreviousiv o reported
weckhs foliowimg sarewa!

anmmial was orun twice cor Gifferent davsy or
o treadmill teoa steie of ovaust o for deter
mination of maximal heart raie Exhaustion

Was considored to be recched whoi the animal

could ne lonzer manmian the waorkload  ime
Nosed upee

Whon the peek rete was reedhed and  the
amimal becan to falicr Hnsd mcasurements
were made This was deserth 4 oomanina!
exereise states Exercise coradiinyg was measured
in total time 1o exhaustion cminutes) and in
i worh pertarmed the vetons

Farevimoenial desion

Four comditions were studicd in cach animal
Control date tor the resting <tate was collected
with the animal standing quictiv or the tread-
milt These measurement procedures consisted
of recordine hemodynamic measurements, ta-
kirz artericd and venous blood samples. and
miccting o dose of tracer microspheres into
the Tefr atriad catheter. The o procedures were
during maximal oaercise conditions.
Following o 3 minute recovery at which time
the normal resting conditinns wale  re-esta-
plished  cach anima!l was exchanged to an
averave hematocrit devel of 139 with either
hemoglobin solution or albumin solution. Ex-
hange nime was 1.3 hours. Post-exchange con-
irol and mavimal oxercise measurements were
made. The tollowing measurements were oh-
wned wt ocach recording s cardiac output, ar-

repoated

W, Y. MOURES
terial and left atrial pressure, heart rate, strok:
volume. change in flow per unit time (dF d;

and sonumicromatrv-measured  ventricular ¢
mensiuns,

Dara analvsis and solutions used

All statistics were performed using one w,
analvsic of variance with a Newman-Keu
multiple range test. Group analvsis betwed
the four resting conditions and the four exe:
cis¢ condittons was calculated.

Two animals died following  albumin e

change with ventricular  fibrillation  during
exercise and could not be included ir this
study. Therefore, six animals were used in

both the stroma-free hemoglobin solution and
in the albumin solution groups.

Two experimental solutions bovine serum
albunin and unmodificd <troma-free hemeo-
globin solution, were prepared for these e
perimenis. The albumin solution was prepared
using serum  bovine  albumirn as previoush
deserbed. This bovine albumir was suspended
in hemodialvsis fluid to provide a final con
centration »f approximuatelh 7 mg DL, The
stroma-free hemoglobin solution was prepared
using o modification of the technigue described
by Greenburg ' and alse: was prepared in o-
der to provide a final concentration of ap-
proximateh mg ‘DL of hemoglobin.

RFSUT TS

in tables TTI-VI.
I, control ant

All results are shown
As can be seen in table
mals in the two groups had hematocrits
of approximately 30 °¢, which increased
slightly with exercise. Following hemodi-
lution with either albumin or stroma-firec
hemoglobin solution, resting hematocrits
of 14 ¢ increased 1o 18 with excercise.

A
i

Albromin cxchanged il

Resting condition: Arterial oxvgen con-
tent and AV O difterence was signifi-
cantlv lower than control following ex-
change-transfusion with albumin (tab. 111
Oxvgen consumption was not compromi-
sed duc 1o increased cardiac output. heart
rate, and dF 'dt (tab. IV, Lactate produc-
tion did not increase significantlv (ta
ble II1D). An increase in coronary blood
flow was detected, but there were no
changes in cerebral or visceral organ blood

Copy aveilable to DTIC doos not
permit tully legible reproduction




e —

HEMODYNAMIT EFFICACY OF STROMA-FREE HEMOGLOBIN SOLUTIONS 93
Tasrr ITI
Homadvianie measureients comparing albumin witl siroma free
itemoglobin solution
Aoy Stromz tree hemoagloha <olutior
¢ Eschang Contrad Exchange

3 A K Exerase Res | AVEFENG Res Excicisc
Hoart qorn
theat mii, . AL 22T - 1% 210 231 20 12222 262 - 20 108 - 13 25814
Cardiac ourpw
tm! min hg: e RIS 17« 3% 264 - 53 RN 211 - 36 99 - 132 281 - 37
Struhe volur .
Al T CRE. <12 EE I K RO KRN % g 40 7
Lottt atria, pros
ety R DT 10T fe2 60 5340 1ne-7a 90 - 7.6 136 - R
EYVIRS Prossury
e He AR ol DR Y 107 120 QuR - 1R 127 - 132 123 17 130 - 227
¢ T ) N I T2l 16029 T4 e 157-3¢

M A AR RN & o N
= P 0% (vhare ’ s !

flows (tab. Vi Myocardial function. as
measurcd by poereent change e diamerer
was not compromised ttah. Vi,

Excroising condition: Artenal oxveen
content. arterial-venous ozvgenr content
ditference. oxvgen consumption. total oxy-
gen transport. and aortic prossure were
decreased  significanthy when compared
to contro! excidise conditions itabs, 111
V). Despite a decrease in heart rate, car-
diac output remained unchanged because
siroke voiume increased. Both lactate pro-
duction and left atrial pressure showed
increases compared 1o control exercise,
while aortic pressure was significantiy lo-
wer {tabs. TT1T. IV The albumin exchange
resulted in o signiticant increases in both
coronary and cerebra! blood flony, as well
as decreases in mean viscerad organ flow
(tab. V). Albucin exchanged animals could
only run at about 30 . exerdise capacity
of their control exercise capaaity, but this
decreased perfurmance was not signifi-
cantly different from the 60 ¢ achieved
by the hemogiobin anmials (tab, V1

Stroma-free hemoglobiv solution

Resting condition: As noted following
albumin exchange. stroma-free hemoglo-
bin solution exchange-transfused animals
had a significant drop in arterial oxvgen
content. This decrease was not of the ma-
gnitude found following albumin exchan-
ge. Despite this drop, no changes occur-
red in oxvgen consumption, cardiac out-
put, heart rate, lactate production (tabs. I.
I1), or organ blood flow (tab. III). As

with the albumin-exchanged animals,
mvocardial function was not changed
(tab. TV),

Exercising condition: During exercise.
both arterial oxvgen content and arterial-
venous oxvgen content differences were
significantly Jower than control exercise
values (tab. III). Cardiac output remai-
ned similar to control levels (tab. V). but
unlike the albumin animals, the stroma-
frec hemoglobin solution animals showed
no changes in oxvgen consumption, Oxy-
gen transport, lactate production. heart

Tvoavailable to PIC dace
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TasrLr IV

Oxvgen dvnamic measurenien:s comparing albronin solution versus stroma frec
hemoglobu; solurion

Albumy Stromua free hemoglobin solutur
Control Exchange Contral Eachangee
Reet Exercr-. Rest [ A VEININY Rest Exercisy Ruove Facrais.
Hematocrit (T 3 -4 KIJEIC 143 18 - 4= I 4 -3 -1 181"
Arterial owwgen
content (ml dl! 127 2% 138 32 6218 (KRR B 140-27 156 24 a8 11°t 11017

Arterial-venous
oxvgen content
difterence sm!
dlr . . AT . R 1e 8RR T O2% 12217 26 . (r ul o1&

Oxyoen coneurn:
ption (ml kg’

min [ 274 b2 €4 24 1ed 240 T4 213 =782 29 12 236 .67
Oxvger trans
port (ml kg’
min: . . 145 - 3w I Y 1 de TR o4 138 34 132 b 07 16 281 74
Lactate (mM L (U 17022 28-22 23343 07 -06¢ 16.0-3.0 20-30 204 - 4%
Veous PO
(mmHg . . w2 20 ¢ RSN k@ 2.6 2] -4 26 -6 28 - 1%

* P - 007 albumin exchangy versus others
** P e 0.0% exchange vresus contron

rate, or dF/dt (1ab. IV). In addition, these  derations in attempting to establish both
animals showed no detectable changes in the efficacy and freedom from toxicity of

organ blood flow (tab. V). the two basic hemoglobin solutions (mo-
difiecd and unmodified). Since the studies
Microsphere shunting were designed with separate objectives,

cach will be discussed separately.
The results of the shunting mcasure-
ments are shown in table V. With stroma-
free hemoglobin solution and albumin  Qwiny RIGHT HEART BYPASS STUDIES
solution, the shunt was increased signifi-
canl]_\' at rest and decreased 5ignificar1tl)‘ In pe]'f{_)rming hemodilution on cardio-
with exercise. Albumin and stroma-dree pulmonary bypass at a 50 % exchange le-
hemoglobin solution animals appeared 1o vel, we noted generally satisfactory main-
affect microsphere shunting in a similar  tenance of mvocardial function, although
fashion. all groups were noted to have statistically
verifiable decreases in stroke volume. Pre-
vious experience with this animal modcl
DiscussioN indicated generallv well preserved mvo.
cardial function if the hematocrit was
Each of our three studies was designed  kept at 15 % or greater®. That same re-
to examine different physiological consi-  port documented a loss of mvocardial
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Blood flove mcasuremciis omi omin 100 g tissue) comparing albwmin solution
va stroma frec hemoglobin solution

Alpumer, Stromu tree hemogiobin solution
Exchange Control Exchange
Re~ Everos Rqs Excroise Ret Exercse Rest Exercise
Coronar  (LUBIUUREC D e leTT 6218 106 - W0 424 - 139 178 - 39 568109
Bramr du o 412 R R 97 - 25~ 42-11 48- 13 -1 69-23
Sheletal muscle Lo 42 .33 a 14 7684 4-3 46 - 24 4-3 80 - 33
Kidney . Lo 28 e R 27T 3.5 161 -97 3257 130 -102 70-103
Intestin . 40 7 ~ I 22 M- 12-1% -3 1418
Stomuach - S br 13 ¢3-03 17-14 1211 20 - 11 6-10
Live: KHE ! - Ho g-1% 26-18 17-1 187 16-22
Spiees A s AR iI-6 222 90 48-73 139 &2
Endo B 1.2 02 ! JG-G2 08-02 10.023 09-02 12-02 11=02
Lung - shunt 47w R SO2Trr 16RL0Fer 42 10 13-4 72.3 1.1-0.5*
Lung measurements are reprosanton by oo perpheral blood shunting
* P 0027 onihanco vaeisos othors
Tt P 0023 enchanoo varsus ottt
e P 003 eneroise Yersus ress

TABLS

Vi

Excreise porformanice and vwnvocardial function measurements comparing albumin
Ve sireina free hermoglobin solution

Ajbuniin
Cu

Re~ Eae Ko~
Total work tkg
meter) 1942 - =13
Timce tu exhau
stion «man 114 22
teodramicter
shortening 2c 272 27
End-diastohc
diamete:r (mm AN 2204 22 -

* P .~ 0003, exchange vs. controi

Stroma free hemoglobin solution

Contro! Exacharge

Rest Exercise Rest Exercise

1243 - 294

12122 IS R
29-¢6 32-9 25-1 35-7
21-2 202 22-04 195-2
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function if the hematocrit was at 10 %
or less. The increased oxvgen copacity pro-
vided by the kemoglobin was insufficient
to prevent the decrease in stroke volume
that occurred when the hematocrit rea-
ched approximately 12 “u, Mvocardial con-
tractile function mav not be a sensitive
indicator of the benefits ot increasing oxy-
gen capacity as other studies examining
mvocardial function in nonancsthetized
animals also failed to show anv benefit
when stroma-free hemoglobin solution
was used -7 Given the 50 Yo exchange used
in this study, it was not possible to de-
monstrate any phsviologic benefits from
utilization of stroma-frec hemoglobin so-
tution having improved oxygen offloading
characteristics. At higher levels ot exchan-
ge, we have demonstrated previously a
physiologic effect when blood of difter-
ing P.. characteristics was used . Howe-
ver, we must conclude that under the
conditions of cardiopulmonary  bypass,
when the degree of exchange is at 50 Ve,
there were no demonstrablc phvsiologiv
benefits from the usage of stroma-free
hemoglobin solution as opposed 1o albu-
min solution. This data docs not, howe-
ver, contradict our carhier study evaluat-
ing stroma-free hemoglobin solution as &
cardiopulmonary byvpass prime at extie-
mely low hematocrit levels - . In that stu-
dv utilizing a hematocrit of 3 ¢ we were
unable 10 maintain anv cardiac tunction
unless the albumin prime was replaced
with a stroma-free hemoglobin solution
prime.

Stroma-free hemoglobin solution is not
the only oxvgen-carrving solution being
evaluated as a blood substitute and con-
sequently as a cardiopulmonary bvpass
priming solution. Fluorocarbon emulsions
have been evaluated in this role. prima-
rilv by Engelman © . He noted that the-
se emulsions were generally eftective, but
also reported some disturbing increases
in pulmonary vascular resistance. thus
raising concern regarding the satety and
tolerance of these solutions.

Concern regarding non-nephrotic toxici-
tv of the hemoglobin solutions continues

W. Y. MOORES

to be raised, however we failed to docu-
ment anv measurable toxicity in this per-
fused swine model. Stroma-free hemoglo-
bin solution is not a manufacturable
« chemical » solution such as fluorocar-
bon emulsions, and is subject 10 prepa-
ration variations that mav result in toxic
sequelae when the solutions a:¢ admin:-
stered to animals models. Obvivusiv, =
stroma-free hemoglobin solution intonde.
for human use must have sufficient qua-
lity control and purity to avoid anyv toxi.
reaction.

EXERCISING DOG STUDIES

Ample scientific literature has establi-
shed the abilitv of stroma-free hemoglo-
bin solution to maintain gross physiol.-
gic oxygen requirements - -, However,
little has been done to investigate the ef-
fect of the relatively limited intravascular
retention time of these solutions and their
subsequent abilityv to act as an adequatc
resuscitative fluid bevond the initial ex-
change. and even less is known about the
effects ot introducing conditions such as
exercisc

Immediate post-transfusion perio-l

All of our animals appearced well tol-
lowing exchange with any ot the solu-
tions, suggesting that none of the solu-
tions were significantly toxic. However,
the albumin animals were clearly more
limited in their ability to exercise, an acti-
vity requiring additional oxvgen. Albumin
animals had significantly shorter ot
run times, higher resting heart rates aind
higher resting venous lactate levels conv
pared with either the hemoglobin group
or the Sham group. The association of
oxvgen deficiency as the reason for thosc
abnormalities is further supported by the
albumin animals lower arterial oxvgen
content values when compared to otho
groups.

It clearly appears that both hemoglobin
solutions were able to transport enough
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oxvgen to maintain exercise despite their
differences in oxvgen affinitv. The more
rormalized P. of the modificd stroma-
free hemoglotin solution did not provide
anv significant initial advantage over un-
modified stroma-tree hemoglobin solution
as all results comparing these two solu-
tion~ in the immediate post-exchange pe-
riod were virtually identicol. Furthermo-
re. both solutions appearcd capable of
maintaining almost normal physiologic
function as almost all of the values in the
hemoglobin animals approached thosc
achieved by the Sham dogs.

The lower arterialvenous oxvgen con-
tent difference values noted in the albu-
min animals during excrcise and recoven
periods could be duc 1o cither an increa-
sed cardiac output or decreased oxvgen
conmsumption. Furthermore. the dogs had
an increase in lactate levels during exer-
cise. indicating that the decreased oxveen
consumption was not adeguate!v mecting
exyveen requirements. These results would
seem to suppor: the thesis that it is the
change in oxyvgern carrving capacity bt
ween the albumin and the stremadres
hemoglobin soluticn animals that i re
sponsible for the observed physiologic dif-
ferences.

Albumin animals 24 hours post-exchan-
ge had an exercise response that was «till
limited, but would show signs of recovery
in terms of increased total ran time, de-
creased heart rate, and slightlv increased
arterial oxvgen content and hematocrit
levels. Tt appears that normal metabaolic
and phvsiologic mechanisms were uble
compensate for the limiting oxveen avai-
lability resulting from the albumin nans-
tusion.

By dayv seven all groups were back to
control levels in all categories except that
the albumin exchanged animals still ex-
perienced  a significantly ower arterial
oxyvgen content level This decreased oxy-
gen content appeared tu correlate with
the more persistentlv depressed hemato-
crit level still present in the albumin ani-
mals by the seventh dav. Perhaps the ini-
tial presence of stroma-dree hemoglobin

solutions mav, in some way, accelerate
the return of a more normal hematocrit
as well as normal physiological functions,
even though the stroma-free hemoglobin
solution is no longer in the vascular bed.

This studv appears to provide support
for several conclusions. Moderate hemo-
dilution with a more normalized P, does
not provide anv initial advantage in terms
of exercise capacitv. Both hemoglobin so-
lutions provide a significant advantage
cver 7 % albumin solution as a resuscita-
tive fluid. However, these advantages ap-
pear to be short-lived and are of little be-
nefit 48 hours post-exchange.

By the seventh post-transfusion dayv, all
animal groups approach control levels and
are virtuallyv indistinguishable, although
there is some evidence that the stroma-
freec hemoglobin solution groups mayv have
obtained this control level at a slightly
faster rate. The initial beneticial effects
appear to be due to the increased oxvgen
carrving capacity of the hemoglobin solu-
tions while the somewhat more subtle
long-range benefits must be speculated as
arising trom an effect that outlast the
actual presence of the solutions.

A final conclusion relates to our failu-
re to document any significant non-stroma
related toxicity reported by others. Ho-
wever, the recent documentation of toxi-
city by reliable investigators continues to
be disturbing. When this information is
combined with similar toxic reactions in
humans ** continued caution must be ex-
ercised in proposing these solutions for
clinical applications.

EXERCISING SWINE STUDIES

The results from this study indicate
that exercise performance was maintai-
ned morg effectively by hemodilution with
unmodified stroma-free hemoglobin solu-
tion than with 7 % albumin. This is indi-
cated by greater oxvgen delivery, aortic
pressure, exercise dF/dt, duration of exer-
cise, and decreased lactate production in
the stroma-free hemoglobin solution ex-
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changed animals comparcd 10 the albu-
min-exchanged animals.

At rest following albumin exchange,
oxvgen consumption and oxvgen trans-
port remained close to control levels due
tu an increase in cardiac output. Because
stroke volume remained constant, this in-
crease in cardiac output was due to an
increasc in heart rate. This coincides with
the results of other investigators * " who
reported that cardiac output varied inver-
selv with hematocrit primarily due to de-
creased viscosity and peripheral vascular
tesistance. Increased cardiac output was
not detected in animals exchanged with
stroma-frec hemoglobin solution which
has a viscosity similar 1o the viscosity of
albumin soluticn ”. Therelore, it may be
that the increase in cardiac vutput is a
combination of an autorcgulatory mecha-
nism in response to mild hypoxia as well
as the decreased viscosity.

During exercise, albumin-exchanged ani-
mals had lower oxvgen consumption when
compared to pre-exchange exercise values.
This indicates insufficient oxvgen to meet
the higher oxvgen demands of exercise.
This was associated with a signiticant de-
crease in total oxvgen transport due to
the decreased wransport of oxvgen with
albumin solution and mav also be duce to
the increased peripheral blood shunting
tound in these animals. Evidence for this
shunting is based on the decreased aortic
pressure and lower peripheral resistance
noted in the albumin-exchanged animals,
Previous work from this laboratory "
has shown that the decrease in absolute
visceral blood flow is a sensitive indica-
tor of exercise stress in the pig. This sen-
sitivity 1s apparent when comparing the
greater decrease in visceral blood tlow in
the albumin exchanged exercised group
compared to the other ecrcised groups.

If the ultimate limit of acrobic exercise
is the limitation of oxygen transport or
oxvgen diffusion as has been suggested by
Blomquist and Saltin *7, then the redistri-
bution of bluod flow awav from the vi-
scera during eercise mayv be enhanced fur-
ther during hemodilution and exercise.

W. Y. MOORIS

The degree of shunting shown in thesc
studies is low enough to be physiologi-
cally insignificant. During exercise, shunt-
ing decreases as might be expected since
visceral blood flow also decreases with
exercise and much of the shunting may
be coming from visceral organs. Shunting
seen at rest in our animals is simiiar to
that seen in swine from other luboratu-
ries *°.

During exercise stress in the albumin-
exchanged animals, heart rate did not in-
crease cardiac output enough to compen-
sate for the increased oxvgen requirce-
ments. This may be explained by a failurc
10 meet the necessary oxvgen requirce-
ments needed 1o elicit a maximal heart
rate. Further support for this interpreta
tion is provided by the fact that albumin-
exchanged animals ran for an average of
1.6 minutes less than stroma-frec hemo-
globin solution-exchange animals and ap-
proximately six minutes less than undc:
control conditions

Previous reports *° have shown an in-
crease in coronary blood flow with hema-
dilution. We also noted that corunam
blood flow was greater following henio-
dilution with albumin during rest and
exercise. Since there was no increase in
coronary blood flow following stroma-
free hemoglobin solution exchange, this
suggests that these animals were not ex-
periencing as high a level of hvpoia.

The constancy of percent change of dia-
meter and end-diastolic diameter suggests
that despite decreased oxygen availability
following exchange with albumin versus
stroma-free hemoglobin solution, myocar-
dial pertormance (determined by these in-
dices) was not impaired. This apparent
constancy of myocardial function may be
deceiving, however, because we have little
information regarding how long myocar-
dial function could have been maintained
under these conditions. In addition, albu-
min-exchanged exercised pigs experienced
a significant decrease in aortic pressure
and a marked increase in left atrial pres-
sure during exercise. Such changes arc
often seen during initial stages of mvo
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cardial failure . Coronarv blood flow for
these animals mav be below the reserve
capacities of the heart* .

Lactate production following albumin
exchange and exercise increased signifi-
cantlv even though total exercise time was
slightly less than with stroma-free hemo-
globin solution. Cain reported that increa-
sed lactate can be the result of « hvpo-
semia produced by autoexchange ane-
mia » **. Although we did not find increa-
sed lactate at rest following exchange, we
did document increased lactate during ex-
ercise. Again, we are provided with evi
dence that albumin animals were expe-
riencing a greater oxvgen deticieney which
ultimatelv led 1o a lower excercise capa-
Clty.

An issue not directly addressed in this
study is that of the potential toniciy of
the solutions. The major problem of tis-
sue damage from red cell siroma has ge-
nerally been solved. however some recen-
tlv published articles have documented
significant hemodynamic and hematolo-
gical toxicity not associated with the stro-
mal components © . Some ot the repor-
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ted abnormalities such as minor coagu-
lation defects would not be detected in
our study, however the major hemodvna-
mic problems, such as significant arrhyth-
mias, hvpoxia, and death, would have been
detected. Since these problems were re-
ported in rabbits rather than in pigs and
dogs, it would seem reasonable to conclu-
de that the animal model used to evaluate
that solution is of crucial importance.

CONCLUSION

While the art and science of manufac-
turing stroma-free hemoglobin solution
has not reached a level sufficient to pro-
vide a product that can function as a
complete red cell substitute, we feel these
studies demonstrate an improvement in
various physiologic parameters even when
an incomplete solution is used. Further-
more, we were impressed that these bene-
ficial effects were apparent at moderate
levels of hemodilution, although the im-
position of an exercise stress was essen-
tial to elucidate some of these differences.

Department of Surgery . VA Mediew! Center
and Universitv of Calitornic Sar Dicye Schou! of Medicine
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ABSTRACT

We exchange-transfused 14 awake swine (sus scroffa) to & hematocrit of
14% with eitner 7% bovine serum albumin or 7% human stroma-free hemoglobin
solution (SFHS) and exercised them on a treadmill. The albumin solution ani-
mals showed a significant decrease in arterial oxygen content that resulted in
a decrease in arterio-venous oxygen content difference and an increase in
cardiac output at rest. During exercise, these animals showed significant
decreases in aortic pressure, arterial oxygen content and arterio-venous
oxygen content difference compared to control exercise. This was not compen-
sated for by increased cardaiac output and resulted in decreased oxygen con-
sumption, duraticon of exercise capacity, and total work performed. These ani-
mals also had increases in lactate production, cerebral and coronary blood
flows, and left atrial pressure, and marked decreases in visceral organ blood
flow and dF/dt compared to pre-exchange exercise. In addition, two animals
died with ventriculr fiorillation following albumin exhange ana maximal exer-
cise. Animals hemodailuted with SFHS showed decreased arterial oxygen content
and a decrease in arterio-venous oxygen content difference during exercise,
but otnerwise had physiologic data similar to non-exchange control condi-
tions. The higher oxygen content provided by the SFHS allowed the anemic pigs

to approach their non-anemic condition,

Index Terms: Anemia, hemodynamics, blood flow distribution, oxidative metabo-

lism
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INTRUDUCTIUN

Reduction in the circulating hematocrit either as a result of blood 10ss
or erythrocyte destruction is a common clinical situation. Although the
restoration of a normal hematocrit and normal oxyygen capacity would seem to be
a desirable goal in most cases, it is usually not possible to achieve this
goal on an acute basis without subjecting patients to the risks of blood
transfusion. In addition, a reduced hematocrit may actually provide a benefi-
cial effect in certain clinical settings by decreasing blood viscosity. Cur-
rently, this is only possible by compromising the oxygen carrying capacity.
Colloidal or crystalloid cell-free resuscitation fluids, capable of carrying
only dissolved oxygen, result in a decreased arterial oxygen content.
Stroma-free hemoglobin solution (SFHS) has been considered as a possible hemo-
diluting vehicle that maintains oxygen capacity, decreases viscosity, and
avoids the risk of homologous red blood cell transfusions. Previously, these
solutions have been examined primarily at extreme levels of anemia (6,22), in
anesthetized animals (18), or in conscious animals at rest (20).

The concept that a cell-free artificial blood could provide increasea 0;
carrying capacity above that of dissolved oxygen in a crystalloid solution
dates back to 1934 (1) with the development of a true stroma-free hemoglodin
solution in the late 1960s (23). Interest in stroma-free hemoglobin as a
blood substitute arose primarily from its many advantages over crystalloid
fluids. These include: 1) its existence as a naturally occuring protein; 2)
its low viscosity; 3) its oxygen transporting capabilities; 4) the elimination
of typing or crossmatching problems; 5) the absence of any significant aller-

genic probliems; and 6) its ability to serve as an adequate plasma expander.




In addition, new manufacturing techniques allow the production of a true
stroma-free hemoglobin solution which 1s devoild of the nephrotoxicity previ-
ously assoctated with stromal components (13,24). Further worx has helpea
solve the additional problems of intravascular retention and oxyger offloading
(10,11,16). Its use as @ resuscitation fluid has been reportec (9,15,19,24)
and others have demonstrated increased survival with the use of these solu-
tions at hematocrits of 5% or less (6,18,22). These authors all reported in-
creased effectiveness of stroma-free hemoglobin solution over other crystal-
lotd resuscitation fluids demonstrating that acid-base status, mitochondrial
function, and myocardtal function are preserved adequately :1f hemoglopin solu-
tion, rather than a non-hemoglobin containing solution, is useaq.

Although these studies have been valuable in estaplishing the "gross
efficacy" of the solutions, they have not characterized oxygen transport com-
pletely in these animals, nor have they offered much information regarding the
efficacy of the solutions in less anemic conditions. Furthermore, nothing 1is
known about the ability of stroma-free hemoglobin solution to meet the in-
creased oxygen demands associated with exercise.

This study was designed to compare the effects of stroma-free hemoglobin
solution and 7% albumin solution, in conscious animals exchange-transfused to
equal hematocrit levels and examined under conditions of rest and maximal
exercise. Specifically, we tested the following hypothesis: since exercise
performance is dependent on total oxygen transport and oxygen consumption, is
performance maintained more successfully in exercising swine following hemodi-

lution with stroma-free hemoglobin solution rather than with albumin,
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METHODS

Animal Model

Fourteen swine (40-50 kg) of etther sex were chronically instrumented in
a manner similar to that previously reported (25). The surgical preparation
was performed under anesthesia consisting of induction with ketamine (1 mg/k3,
IM) and surital (20 mg/kg, 1V), and maintenance with a combination of 0.5%
halothane with oxygen and intravenous succinylcholine (400 mg/L at 7 mil/min).
A left lateral thoracotomy was performed through the fourth intercostal space
and the pericardium was opened. Left ventricular internal diameter ultrasonic
dimension crystals were i1mplanted as indicators of global heart mechanics.
These internal diameter crystals were positioned by pulliing one crystal with
its wire through the left ventricular lateral wall with a large needle in the
manner described by Bishop (3). The crystal remained in the left ventricular
chamber against the septum while the lead wires continued out through the sep-
tum and right ventricle. The second crystal was placed on the endocardium of
the lateral wall through the track created by the passage of the first crys-
tal. Silastic catheters (.085" ID) were placed in the descending thoracic
aorta (to monitor pressure, collect blood samples for blood gas and oxygen
content analysis, and to serve as a port for the withdrawal of blood samples
during microsphere injection), the pulmonary artery (to obtain a mixed venous
sample for blood gas and oxygen content analysis), and the left atrium (to
monitor pressure and to inject microspheres). An 18 mm (internal diameter)
electromagnetic flow probe (Biotronix, Silver Springs, Maryland) was placed
around the ascending aorta to measure cardiac output (CO) and ejection velo-
city.

A1l catheters ana lead wires were brought out of the thoracic cavity via

the fourth intercostal space and then run subaermally to the back where tney




were externalized. A diagram of this instrumentation 1s presented in Figure
1.

Myocardtial Function

Ventricular dimensions were measured using implanted ultrasonic crystals
connected to a Schuessler and Associates Sonomicrometer {Sonotek, San Diego,
Ca.). The ultrasonic signal was monitored with a Tectronic 4658 oscilloscope
(Beaverton, Ore.) and was recorded on an Elema-Schonander Minograf 81 ink jet
recorder (Stockholm, Sweden).

Global left ventricular function was measured using the technigue of
Bishop (3). Changes in internal diameter during ventricular ejection {%4D)
were defined as EDD-ESD x 10U divided by EDD; where EDD is end-diastolic diam-
eter and £SD 1s end-systolic diameter. EDD was defined as the time coincident
with the peak of the R wave of the EKG, and ESD as the time point of minimal
chamber diameter.

Regional Blood Flow

Distribution of cardiac output was determined by injection of carbonized
microspheres (15 + lQ/(m, New England Nuclear, Boston, Mass.) in a manner pre-
viously reported (26). Regional blood flow was calculated by the method des-~
cribed by Domenech (&) allowing flows to be expressed in ml/min/g tissue (wet
weight). Tissue blocks of approximately 5 grams were taken from the brain,
epicardium, endocardium, kidney, spleen, intestine, stomach, and skeletal mus-
cle regions. These samples were minced, dried, and counted in a Packard-Auto
Gamma Spectrophotometer model 5912 equipped with a multichannel analyzer. A
Hewlett-Packard 9825A programmable calculator was used to calculate radioacti-
vity per gram of tissue. Analysis of the energy spectra was perforimned
according to the matrix inversion method of Schosser (27). Standards, con-

taitning pure radionuclide, provided overlap matrix values. Unknown amounts of




the radionucitde in all samples were determined by solving a system of simul-
taneous linear equations. Validity checks were made by counting sealed radio-
nuclide samples separately and then counting them together 1in a single

sample. These validation procedures demonstrited an error of less than 3%.

Blood gas analysis (Instrumentation Laboratories 813, Lexington, Mass.)
and oxygen content determinations (I.L. 282 and Lexington Instruments:iex 07
Con) were derived from blood samples taken from the arterial and venous cathe-
ters just prior to microsphere injection.

Total oxygen consumption was defined as arterial-venous oxygen content
difference x cardiac output (ml/kg/min). Total oxygen transport (ml Op/kg/
min) was calculated from arterial oxygen content x cardiac output. Lactate
determinations were done using the technique of Beutler (2). Microspheres
detected in the lungs provided data for the percent of cardiac output shunted
around the capillary beds (12).

Animal Protocol

Familiarization of the animals with treadmill exercise was carried out in
the manner previously reported by this laboratory (32). Two weeks following
surgical instrumentation a progressive continuous treadmill stress test was
administered to each animal on two successive days. These data were needed in
order to determine the maximum heart rate of each animal and to determine the
normal exercise capacity of each animal. The animals had been adapted to
treadmill running by progressive stress testing prior to surgery. The tread-
mill protocol consisted of the following two-minute stages of increasing work
load: 2 mph/15% grade, 3.1 mph/5% grade, 3.1 mph/10% grade, 3.1 mpn/15%
grade, and 3.1 mph/20%. Maximal oxygen consumption was determined when in-
creased effort no longer elicited a further increase in heart rate or oxygen

consumption., An electrically charged grid at the rear of the treadmill




discouraged halting before exnhaustion. Previous studies from our laboratory
haveshown that the pig can achieve and sustain maximal heart rate for several
minutes while final measurements are made (31). It was anticipated that ani-
mals that received a blood exchange would have a greatly decreased work capa-
city. In two pilot studies with animals not included in this study we ex-
changea SFHS or albumin and attempted to repeat the progressive stress test.
Neither animal was able to achieve more than the third workload stage (3.1
mph/10% grade). Furthermore, each animal stopped abruptly during the third
stage, suggesting that the steady-state condition necessary for microsphere
measurements could not be achieved. Therefore, the exercise program following
exchange consisted of stage 1 ana stage 2 workloads with stage 2 continuing
unt1] the animal was no longer able to run. Microspheres were injected at a
heart rate previously determined as maximum, and maximum oxygen consumption
was determined from the aortic flow probe and blood gas measurements before
exercise termination. Maximal heart rates were similar between the control
progressive test and the modified post-exchange progressive test. Exercise
capacity was measured in total time to exhaustion (minutes) and in total work
performed (kg/meters) calculated by meters/min x percent grade x kg (body
weight) x minutes. Cuntrol pre-exchange exercise work performance of approxi-
mately 2000 kg/meter was similar to values obtained in other control exercise
runs in our laboratory.

Experimental Design

Four conditions were studied in each animal. Control data for the
resting state was collected with the animal standing quietly on the treaa-
mill. These measurement procedures consisted of recording hemodynamic mea-
surements, taking arterial and venous blood samples, and injecting a dose of

tracer microspheres (approximately 5 x 1006 spheres) into the left atrial




catheter. These procedures were repeated during maximal exercise conditions.
Following a 30 minute recovery, at which time the normal resting conditions
were re-establiished, each animal was exchanged to an averayge hematocrit level
of 15% with either hemoglobin solution or albumin solution. Exchange time was
1.5 hours. Post-exchange control and maximal exercise measurements were

made. The following measurements were obtained at each recording: cardiac
output, arterial and left atrial pressure, heart rate, stroke volume, change
in flow per unit time (dF/dt), and sonomicrometry-measured ventricular dimen-
sions.,

Data Analysis

Statistical analysis included the use of one-way analysis of variance
with a Newman-Keuls multiple range test for between group and condition
testing. Paired t-tests were performed within the groups for condition
testing (exchange vs. control; exercise vs. rest).

Two animals died during exercise following albumin exchange with ventri-
cular fibrillation and could not be included in this study. Therefore, six
animals were used in both the stroma-free hemoglobin solution and in the albu-
min solution groups.

Preparation of the Solutions

Two solutions having similar oncotic and colloid pressures were prepared
for these experiments. The albumin solution was prepared using serum bovine
albumin from a commercial source (Cal Biochem, La Jolla, California). This
bovine albumin was suspended in hemodialysis fluid to provide a final concen-
tration of approximately 7 g/DL. The stroma-free hemoglobin solution was pre-
pared using a modification of the technique described by Greenburg (10). This
solution was prepared in order to provide a final concentration of approxi-

mately 7 ¢/0L of hemoglobin, A typical batch of our stroma-free hemoylobin




solution was characterized by a hemoglobin concentration of b.l g/UL, a methe-
moglobin concentration of 0.9%, normal serum electrolytes, an osmolarity of 32
mOsm, and a p50 of 14.9 TORR. All solutions were used within 90 days of manu-
facture (storage at 4°C) and periodic pyrogen testing and determination of
metnemoglobin leveis insured the use of & sterile product with methemoyglovin
level less than 3%. Although we did not directly measure the p50 of the
post-exchange in vivo blood and SFHS mixture in these pigs, we have notea 1in
previous studies (21) that the resultant in vivo p50 drops from a normal value
of approximately 35 TORR to a reduced value of 27 TURR.

RESULTS

A1l results are shown in Tables 1-4 and Figures 3-5. An example of
actual pressure dimension and flow tracings during rest and exercise is seen
in Figure 2. Specific illustrations for coronary blood flow, oxygen consump-
tion, ana aortic pressure are shown in Figures 3, 4, ana 5 respectively.

As can be seen in Table 1, control animals in the two groups had hemato-
crits of approximately 30%, which increased slightly with exercise. Following
hemodilution with etther albumin or stroma-free hemoglobin solution, resting
hematocrits of 14% increased to 18% with exercise.

Albumin Exchanged Animals

Resting Condition: Arterial oxygen content and A-V 0y difference was
significantly lower than control following exchange-transfusion with albumin
(Table 1). Oxygen consumption (Figure 4) was not compromised due to increased
cardiac output, heart rate, and dF/dt (Table 2). Lactate production did not
increase significantly (Table 1). An increase in coronary blood flow was
detected (Figure 3), but there were no changes in cerebral or visceral organ
blood flows (Table 3). Myocardial function, as measured by % D, was not com-

promised (Table 4),




Exercising Condition: Arterial oxygen content, arterial-venous oxygen
content difference, oxygen consumption (Figure 4), total oxygen transport, and
aortic pressure (Figure 5) were decreased significantiy when compared to con-
trol exercise conditions (Tables 1,2). Despite a decrease in heart rate,
cardial cutput remained unchanged berause stroke volume increased. Both lac-
tate production and left atrial pressure showed increases compared ta control
exercise (Tables 1,2), while aortic pressure was significantly lower (Figure
5). The albumin exchange resulted in significant increases in both coronary
and cerebral blood flow, as well as decreases in mean visceral organ flow
(Table 3). Albumin-exchanged animals could only run for a period of time
equal to approximately 50% of their control exercise time, but this decreasea
performance was not significantly different from the 60% performance achieved
by the hemoylobin animals (Table 4).

Stroma-Free Hemoglobin Solution

Resting Condition: As noted following albumin exchange, stroma-free
hemoglobin solution exchange-transfused animals had a significant drop in
arterial oxygen content. This decrease was not of the magnitude found fol-
lowing albumin exchange. Despite this drop, no changes occurred in oxygen
consumption, cardiac output, heart rate, lactate production (Tables 1,2), or
organ blood flow (Table 3). As with the albumin-exchanged animals, myocardial
function was not changed (Table 4).

Exercising Condition: During exercise, both arterial oxygen content and
arterial-venous oxygen content differences were significantly lower than con-
trol exercise values (Table 1). Cardiac output remained similar to control
levels (Table 3), but unlike the albumin animals, the stroma-free hemoglobin
solution animals showed no changes in oxygen consumption, oxygen transport,
lactate production, heart rate, or dfF/dt (Table 2). In addition, these ani-

mals showed no detectable changes in organ blood flow (Table 3).
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Microsphere Shunting

The results of the shunting measurements are shown in Table 3, With
stroma-free nemoglobin solution and albumin solution, the shunt ~as
tncreased significantly at rest and decreased significantly with exercise.
Albumin and stroma-free hemoglobin solution animals appeared to affect micro-
sphere shunting in a similar fashion.

DISCUSSION

The results from this experiment indicate that exercise performance was
maintained more effectively by hemodilution with stroma-free hemogiobin solu-
tion than with 7% albumin, This is indicated by greater oxygen delivery,
aortic pressure, exercise dfF/dt, duration of exercise, and decreased lactate
production in the stroma-free hemoglobin solution exchanged animals compared
to the albumin-exchanged animals.

At rest following albumin exchange, oxygen consumption and oxygen trans-
port remained close to control levels due to an increase in cardiac output.
Because stroke volume remained constant, this increase in cardiac output was
due to an increase in heart rate. This coincides with the results of other
investigators (5,14) who reported that after a 50% reduction in hemoglobin
concentration cardiac output varied inversely with hematocrit primarily due to
decreased viscosity and peripheral vascular resistance. Increased cardiac
output was not detected in animals exchanged with stroma-free hemoglobin solu-
tion which has a viscosity similar to the viscosity of albumin solution (7).
Therefore, it may be that the increase in cardiac output is a combination of
an autoregulatory mechanism in response to mild hypoxia as well as the
decreased viscosity.

During exercise, albumin-exchanged animals had lower oxygen consumption

when compared to pre-exchange exercise values. This indicates insufficient
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oxygen to meet the higher oxygen demands of exercise. This was associated
with a significant decrease in total oxygen transport due to the decreased
transport of oxygen with albumin solution and may also be due to the increased
peripheral blood shunting found in these animals. Evidence for this peri-
pheral arterial-venous shunting is based on the decreased aortic pressure and
lower peripheral resistance noted in the albumin-exchanged animals. Previous
work from this laboratory (25) has shown that the decrease in absolute visce-
ral blood flow is a sensitive indicator of exercise stress in the pig. This
sensitivity is apparent when comparing the greater decrease in visceral blood
flow in the albumin-exchanged exercised group compared to the other exercised
groups.

If the ultimate limit of aerobic exercise is the limitation of oxygen
transport or oxygen diffusion as nas been suggested by Blomquist and Saltin
{4), then the redistribution of blood flow away from the viscera auring exer-
cise may be enhanced further during hemodilution and exercise.

The degree of shunting based on microspheres trapped in the lung shown in
these studies is low enough to be physiologically insignificant. It is of
some interest that the degree of shunting at rest increases significantly with
str