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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 could 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 model to determine the general utility 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 previously developed by the
author, the other two studies used chronic animal models developed for the purpose of
this contract in consultation with members of UCSD. The evaluations utilized
measurements of blood gases, oxygen contents, blood lactate, cardiac and peripheral
pressures, total body and organ blood flows (directly and with radio-labeled
microspher es), cardiac dimensions (utilizing sonomicrometry), arid 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 wo measure myocardial dimensions, '.,nt even with this improved methodology it
was not possible to demonstrate a significant improvement in cardiac function with the
hemoglobin solution over an albumin solution at the 50% exchange level. The two
hemoglobin so;ution groups had significantly higher arterial contents, and higher
mean myocardial oxygen consumption and arterial-coronary sinus oxygen differences,
but these differetnces did not result in any improved cardiac function on the part of the
hemoglobin animais. Animals receiving the modified hemolobin solution did have a
slightly higher in-vivo P-50. but no other physiologic changes could be determined.

The exercising canine study again looked at both hemoglobin solutions and
compared them with a similar 50% albumin exchange. The animals "'ere 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 case in study SI the hemoglobin solution animals had higher arterial oxygen
contents than the albumin transfused animals.

The third and final study in this contract used a heavier instrumentation in a
swine model and compared unmodified hemoglobin solution with a 50% albumin
exchange. In addition to the more complex hemodynMamic instrumentation, these
animals also had microsphere determinations of organ flow during rest and exercise. ,a
Mean exercise performance was better with the hemoglobin solution, although not c
significantly so as was the case with the canine study. Abnormalities in blood flow d D
distribution were generally noted with the albumin solution, whereas the hemoglobin C)

animals had blood flow responses that were essentially unchanged from the initial
non-exchanged condition. Exercise arterial-venous oxygen content differences and
arterial lactates were better with the hemoglobin solution. Myocardial mechanics,
however were not effected by the hemoglobin solution, and the albumin exchanged
animals had similar indices of myocardial performance. ,ty Codes
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Our basic conclusion from these three studies is thar even a basic unmodified
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 oxygen off loading and increasing intravascular retention persist, however
we feel that these results provide encouragement in the development of a hemoglobin
solution that is an effective blood substitute.



FOREWORD

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

In conducting the research described in this report, the investigator adhered to
the "Guide for the Care and Use of Laboratory Animals," prepared by the committee on
Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources..
National Research Council (DHEW Publication No. (NIH) 78-23, Revised 1978).



BODY Of REPORT

STUDY '1

This initial study which was designed to examine the response of the
myoctdiua tc a rapid exchange transfusion with either a. hemoglobin solution or an
albumin solution utilized a perfuased swine right heart by-pass model. This model
represented an extension of a similar model developed by the principal investigator at
Letterman Army Institute of Research prior to the initiation of this contract. The
model itself underwent significant development 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 this new technology has allowed us to make more accurate
determinations, of changes in contractility, as well as the determinations of general
hemodynamics and metabolic responses previously available in the older model. The
sonomicrometry technology continues to be developed and refined so that consistent
and accurate measurements can be obtained. The major technical probleis relating to
the application of this technology to the swine model were essentially solved during
the contract period however.

The results from this initial study have been published(l,2). Reprints of these
publications are available in the appendix, and only a general summary and
conclusions are presented here. This study basically involved performing an exchange
of approximately 50% of the animal's blood volume while the animal was on
cardiopulmonary bypass. This resulted in a reduction of the animals normal
hematocrit of 30% down to 157. Exchange tranfusions were accomplished using
approximately 2 liters of either a 7% albumin solution, a standard unmodified stroma
free hemoglobin solution (SFHS), or a stroma free hemoglobin solution modified to
increase its P-50 from 15 to 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-S0 of the two SFHS groups was probably
responsible for our failure to finA 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 function. Myocardial performance did
decrease significantly in all groups, and although this decrease was largest in the
albumin 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 decrease was significantly greater in the albumin group. The decreased
arterial oxygen content was apparently not below the critical v.alue in any group
however, since there were no significant differences in myocardial oxygen
consumption, 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 anemia was probably above the critical value, and ne group
manifested lactate production, or a significant drop in lactate production.



The arterial oxygen content data supports the concept that transfusion with
stroma-free hemoglobin solution 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 siall The reduced arterial oxygen
content with albumin in this 50% exchange did not result in a marked reduction in
myocardial performance that was significantly reversed by the use of S3NS. Also of
interest as the finding that the increased arterial content with either SFHS did not
result in any advantage in terms of coronary blood flow, myocardial oxygen
consumption, arterial coronary sinus oxygen content difference, coronary sinus P02,
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 again attemptel to evaluate the three basic solutions 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 published or finished
manuscript florm, onl a rie. summary of the results will be presented here. Our
major finding in this sludy consisted of the marked difference in the exercise response
of the SFHS exchanged animals versus the albumin exchange-i 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
exercise at close to their control values, whereas the albumin exchanged animals had a
marked decrease 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
'7,hich solution was received. Albumin exchanged dogs had a significantly 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 arterial-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
-SFHSs. 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 difference vas apparent even though the exchange was only at a
50% level. Of further interest was the fact that when the animals were followed for 7
days their exercise performance returned to normal regardless of the solution that was
used for the animal's exchange.

STUDY *3

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



study. The instrumentation involved the performance 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, whidh had previously been trained
to run on a treadmill, were allowed to recover from 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 detailed documents are available in the appendix and therefore a
summary of our results is presented below. The results are probably best presented by
looking at the changes that occurred with rest and exercise in the albumin exchanged
animals, and in 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 a result of this
increased cardiac output total body oxygen consumption 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
aortic pressure. Lactate production and left arterial pressure increased, and there were
changes in organ flow that consisted primarily of increases in coronary and cerebral
flow, and decreases in visceral organ flow. These albumin exchanged animals also had
a reduction in their exercise performance that was slightly greater than the SFHS
animals described below.

The SFHS exchanged animals incurred a significant drop in their arterial
oxygen 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 animals these
SFHS animals showed no changes in oxygen consumption, oxygen transport, lactate
production, heart rate, dF/dt, or organ flood flow.

The findings from this study appear to support 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 carrying albumin 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 to support the metabolic needs of the body if oxygen carrying
capacity is not included in the exchange 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 SFHS 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 CONCLUSIONS

There are certain conclusions that seem to be supported in part by all of the
stifles summarized here. These studies document the general efficacy of even a basic
SFHS without modifications to enhance either its oxygen off-loading ability or its



intravescular retention. This efficacy was not demonstrated in every situation, but
could be generally appreciated even when the exchange transfusion resulted in only a
50% reduction in the hematocrit. It would also appear that the solutions as tested in our
animal models are relatively non-toxic, as no animal had an adverse reaction to the
SFHS exchanges. The issue of the importance of P-50 and improving the oxygen off
loading characteristics of the sn'ution would appear to be insufficiently evaluated with
these studies. Although we were able to consistently produce a SFHS that had a
significantly increased P-50 in no case vere we able to demonstrate that the "in-vitro"
P-50 had a sufficient "in-vivn" effect vhen evaluated in our 50% exc-hange models

The results from this series of studies offers encouragement regarding the use
of SFHS 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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WILLIAM Y. MOORES

nf 1 pi l a -oflld asm i ion, Ion taied primarily upon its abilit\ to iranspori
I tCii I~t jhQ pi iXt1. XIe 0! 111 Z~tauthor oxygen .In addition, it exists as, a na-

andIL Lill 11,) ti III, 10on1!L -ie otIl ii or turallv occurring protein %%hich c:an be
:1I. rt . in1l1L th" x il.. - od the, De'partment transfused without any' known allcrgic or
of th '' i.Dc n.-rtmcn! oft Dcl etse cross-matching" problems Strorna-freL
(AR 3d-.hemnoglobin solution, in the lvoph~1ized

1I conlducting- the research descril-ecl in state, has a relativecly long shelf' lite and
this r-eport. the x s ill\ C1,_,1io~ adh'rL d to has previously- be en reported a, all
the Guide for_ the CareL unci Use! of La- ,ideal ,. plasma expander' -. Also, due to
boratwo-\ Aninmal . as prornUl~ated b\ the its low xviscosity -, stroma-f ree hemoglobin

cUllt~ )-(. on IexjOfl) ol the- Guidc fo(,r solution potentially' may' be an excellent
Laboratory Anin-i) Facilities, and Care . candidate for initiating hemodilution dur-
Institute. of Laboratorx Anjimal Resour- ing cardiopulmonary bypass *
Cc . Naitional Research Council. Despite these advantages, there arc pro-_

Impiuoxements, in obtaininL and storing biemns associated with the use of stroma-
homlogus loo brtiastuion aswel free hemoglobin solutions -which need fur-

aS increase1d effiicencv in administering ther investigation. One problem concerns
blood and blood components has i-esulted the typically low P_ value (11-13 torr.) oi
in a current ability to meet most blood hem'globinsltoeutignalf-
rcplae:ement needs. Increasing concern for wNard shift in the oxyhemoglobin dissocia-
blood-borne viral infections such as hepa- tion curve with increased oxygen affini-
titis and AIDS has providled icnewed in- t\- . A second majo-r problem concerns,
terest for a blood substitute that can be the relatively short biological retention
readily- available, safe, and effic acious, time "of hemoglobin solution. In addi-

Several experimental resuscitatuon flu- tion, although the kidney-damaging cha-
ids curt-entlv- hax e been evaluated. From racteristics oF the earlier solutions haNL
amone- theLse, stromna-free hemnoglobin so- been resolved with removal of red bloo,,
lution appears, to have advantages, based cell stroma'-~ recent published rc-

ports 1as -well as unpublished ,commu-
DcP ' tnin of Suirgei\. VA Mcdical Center nications from various laboratories usin2

o ari imx 't fCliona a DeoSho stioma-free hemoglobin solutions have
FWo .'7~i if !t 1V& lt-j: di aised the question of non-stroma related

n:z i i, L'2 !, A i h ,7,, ! \,ycr 4dm', toxicity in the form of deleterious proco-
* to~ai~nie ~ agulant, card iovascular, and organ damai-

l:Z, a:~t. it'l COMCn 3 IQZ-> i ugn, 1987. ing effects. These toxic reactions have
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made: the solunovn x irtuallv\ unusa',ble lot cvaluate the elf icacv of stroma-free hemo-
man\ o[ these investigators,. Initizifl\ - globin solutions under different phv*\sio-
stigations into tilL' CZauSL' Of thcse lIoj logic situations, We used: I )a ripht heart
reaction, indicaite that sonilc aniiitl ii bypass preparation in swine to maku de-
de L. e'., rabbit) ma,, be inapp,-ropiate tailed evaluations of myvocardial function
anld th1at speCial catIL 111must be v and metabolism; 2) ant awake. exerc:ising'
to insure a high level of consisteLnt ql~lli dog model, minimal ly instrumented wi-
conltrol inl the pIrOdL1etionl Of t117Cntio thout a thoracotom-\ to evaluate the gc-
as -well as insurinv that the: finail solution neral hemodynamic response to stroma-
is chemical lv balanced and free of endILo- free hemnoglobin soIlution hernodilution:
toxin and p 'vrogenTS. SinceC weL did 110 CV- and 3) a more extensively instrumented
perieneek an%- oA these, non-stiunomal asso- exercising swine model designed to eva-
ciated problems, with our particular- SOlu-- luate post-exchange hemodynamics in mo-
tions, we hiave not, addressed this, toxicity re detail.
issue in out- studies,, buthx concentra-
ted primiarily On cxLiizat ing th., C tof S'.xtNr RIG1II] itEARl1 ISI 11.xS SI t Af ES
highl oxgen eoglobin a Idll jt' inl Th)or-

atilial mlodels. St £ 1iLtl Ptle)UIatial?

1 v o hese p t lb~it Fil teen immature swine of either scx\ wei~hino
out stdeIaLbe d '~K ~ t; appro\imatel\ 20 Kg we-re Utilized lor- this,
burg,- anl assocta, t 0' ' t n . ' d% All animal, wecre anesthetized andsl_
that peratia all\ prepared as prex.iou' dcscrillci by-

1_71(2(_bi solta iW P x th px' I U, \kit h the modification th~t tmu pair of
Cogob (jT'~ni rojmcters \\ecre placed to measUrc nixc-

p~hal IL IPL P il) wn P 11 ,i ' cardia segment dtimension changecs. All aninul'
WithoUt itlinatr1-Ie \\\' tan '.IL induced with o.\\gen and halothine (21k
citx . Fit ll top"' '-. and endlotiraeheal aeLcs> wa-. ultaiipd

tent ii tle over 0\',I ti dii )J~ LU \ ' b\ to 'upp(ort v-entilation with a Harvard aninial
;0 M I L VC, 'I 1 \k 1: \lunu.- respirator. Catheters wNere placd in
50 ~ ~ ~ ~ ~ fi f\o e e I emoral vein for administration o' IXA.

b\ o xa iO'1 Xda~- L . - - tluidl and medications w\hile an additionail ca-

in hti1" 'o1ltt1( iH: n!:!- theter \kas placed in the carotid artery for
ing nterni~teettat i v..fo~itc l. and pressure monitoring. The halothan,.

\%am discontinued after ten minutes or less andpyridlOkalizat ton ariesthesia was maintained with morphine sul-
Our studte.xlec eig: t.' ontuare phatt: x\hile the animals were pAralyzed wkith a

the effe 1Cts of thr ditl LI;1) en t hrI LI toting1 continuous succinkl choline IX. drip. Morphitie
fluids,: I i modif icd stiotfi L x:hl sulfate was given in 15 mg injections in suffi-

cient quantity to keep the systolic blood pre'-
bin solu-tion. 21 ttnnodilcid 51tslvoii 'L sure less than 120 torr and the heart rate les',
hemoglobini solution, and ',1 - albUmnin than 130 beats per minute. Following institu-
solution in both dogs and pigs L-xehanged tion of adequate anesthesia, a mt.ci n sterno-
to equal heMatoerYit Lcvels and examnined tomk was performed and the animals were

cannulated for right and total cardiopulmonary
under ~ ~ ~ ~ ~ ~ ~ ~~b vrospxiuoicodto.We bpass. The atrial-x'entricular conduction s\ stemn

specifical lv wished to detettnili if tile wN'as blocked with an intraseptal injection of
greater ox\pen-carrvin,_ capacit\ of Lither formalin to facilitate subsequent constant yen-
stroma-frec hemouglobini soluition prov)ides tricular pacing at a constant rate of 140. An

anysigifiantadvantac in terms" of sup aortic tourniquet was utilized to increase aortic
anysigifiPtn root pressure during lowk flows, while an) arterial

porting mvocat-dial function and total bo- venous shunt in the perfusion circuit was used
dy hemtodvnamics, (at a redKcd Cir-culat- to decrease root pressure during high flows.
ing hematocrit). Two sets of myocardial segment ultrasonic

crystals xwere placed in the mid and apical
This report summariies our- expet ience arterior left ventricular wall to measure seg.

utililring three differen-t atitinal m1odels to mental motion. The cnistals were oriented in
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cii um I c!miut pi;,,, Thc .c -'.ans- .0 hcmoglobin SatUliallioO xyerc calculated
du-: %! conilt i2 I a k :t dimlen usmine all P0- and o\x, gen- sat urat ion values

* .. 'i .2~... Caidit I b\ obtained durin-, a LCofli, il U puost-ex~.haneec
t , IS A. A j . Cat heter \kcelwee dlMutIn condition.

11L,-Md ',IcI caid tutrs an left veil-

P'L, : nn \kl' Ohl-11InC1'o a1 lKonni2as
h~ 11 d1JL1,Li Alic~ 2I" dimension All animals \ere sub iceetcd to baseline con-

V.. jtl 1j Xk'I cciodG.~ cOUld ph> - i rol measurements at a pre-e\change hemato
To. *1n. cri of 301'- A rapid echat4' t ransfusion \%a,

.0 1 ~211Uat o at ~ rumetathlt; ,qucntl\ carried out utilizing app--oxina-

-)jCt 011 1kTI 2 li t1 tt.cdiopUl- iel 15 'V All measurement!, \ OVL repeated and

n;T-~. repp o lzn Svr'prc'o resented the dilution xalucs.
, 1,., 1 \l n~ wilrT Sim pci-to 0 cau b The 15 animals were divded into threeL equal

P T 1i M() x l,: UJ~t1()1 - 1 o~aC, b .ro.Up, \kith each group receix ing one of the
ii, t: ; i t tx itn ito ulp three following solution>: 1) 7 bovine serum

0!, '~I i 1,: 11L hen bl hpac- albumin: 2, stroma-free hemoglobin solution
o 1tlt I . i I bu I;pi prepared b\ I iltr-ation and cent rit u2cation ; and

3, imilxtI> prepared stronia-!ice- hemoal.obir
I ''AIt 'oili on modified 01 lih pen doxa I- pho..ohatte it,

l1j~d dttre-as, it, ox\-gen aftfii t

LiI ~ oh S vt I o! (it)ut/1'

hj Si at 11ticaL orparisoi viihiit; 2roUlill 'A cr

F7: pl L Lilex ~ beto cco group' (jnc-\\a\ atutlvsi',
,w 12 11 : 1nei'.\a' used. A 'tat ist -ill\ sidfltiii .ant

LhL,-jj: 2 .er c al fellIl 1- aChiexod4 \kAlit: tiLc

7' S C' ''. t
l'-

0 " L :11

L! IL L !. I L '. !.. .\ ,.

II'. .. IL l\! - 11 a :1~ L4 t J 1

1) 5 2 t I t I
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A: la'! 1c!'. ~ (

1L 12 L' l I I L.l jI/I I he l - 1(b l

I1 (Jp& I-I I t I I u tw I' nI L, , I Li t\ u \\hel u II

'1Wi ii i I- .ii- Thte prcscn . (it ZI 11 r i II-!ill! 0\\

P ~ ~ ~ ~ ~ ~ ~ tc 1 iiJl1'F it 1. ,l untcit following hcmudilutiun Nvith-
P b I ..L 1 t fL1l I' Fi J; L, It. ill 1j) C' iii l b 1 S )1Ii. C a

m u 11 ll -bi .Iou '. Ill

Ia\ill 1 cl \ el U sip

112, \ Il liii~ . 'i', Il\ i i*'' \l me'- s~g' tC il Ijbi l i\\gL 21 Col.s ilVlpiitI'I)

xi,:l Illlbe t a l% cin'.a i n v.jb e ul i
inodit ~ ~ ~ ~ ~ ~ 114.1 Ue 11C011 X\I I~.IVFI -~l~ .iuiO u te 11 jl.1 Ii,' Uh 11 ani i Un agin

1J\ il\ h. l i \- T I muuIa\u SrdlU 0V%,2ail lactait eiiI -

.'Il Cia t :, t72T /.

Li t 11 1,1 1 1 I l21 t l I , ift 111 \a ', \ WI agII

\\tel 11,1i HIL im X C.f

dc I tii-I X tll dl~l I. iC iii; CI oa un. a\ iu.l inu1 vn ond l a tram-

tci(, bal~rbio c i 2 ni k~ arieria nd ve;o,,no
a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~\ il iliii lU iii]1.1 \t !Il c-Wr kcdi the a rt andJuI-

made~~~~~~~~~~~~~E bl. 1\\ 1 I 1.i 1) . wi 1 aLvtnf~-mi(CpIf0C i h
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Nn111ict0.x c \ cffto 11Cd Tif; inim-l \\ crc at- Tot " run tinmexi measured it-, litnUtCs \\iii.
lxxi.~ I t rco : for 1'' oi cl ur. cxperi- 'i COrnPlIeCf exercise run takin-t 18 mninutc-
fcAle iii il . jt. Alt Ihi>lif 1.11, UcI nIo m aSUIe- Statistical anakix i consisted cii using Aria
nt ii. xx NiccciL c~ dtiin-e ie-c Cl i and 1\i, of Variance, I \ ax, tollc'xx:, bli a Nc\\-

r ox ei pci'd'. Ihs Mwiu net nldd nan-Keul, Multiplc Rante Tc,-.
LIKG exi IUaicd licC : itL i nd arteriL and
Sem u'l-i 5Ati pie' fur -d sL detcrrmi-

niau,,r hcrn-ttoeri7 le\e- t e iA nd VNflQus L - , Li .-1S

el ll ~i.I - d~ an cu saipi- Wrc All animal receiving cit her a Sham' LA-
, )'C~~d att: JL'due- il- 0n 1~iILItU

cilc t e tc uit: - xx\u minute> at e barge" Or havins- an xca- xihiti
-mph ini: t\k mxui nute, at 4 nh.All recoverx\ of the hemoglobin solution>1 ran at level]'

dJiLA \\L- lie tc4 tc(2iittn: post exercise, approaching contiol, as opposed to albu-
Fuolaxo im thL-i. cantrl n. -rmetrur min-evchanged animals \\ho werc signiti

"iop-iIx tl\ ftji ecA11l xxI' \crc echanoe '7 lm
iiIJ C101cd 11i ut- ih.: (n:hidShaml cantii\ lmted (p 1 0.05) inl their cxercis e

~' - it-trCcapabilitieS. 01nly two Ot five albumnin anli-
,tifrc nal were capable of xecitteolkloi n

-hn Civerit1 eXChangeL, whereIa all imll Inl the ot hen
I xx iance Crous wer capabIl of eXecFI'c.

I Aft ei 24 hours,, unmodif ied sI ron ia-f t L-_

h~ex Lcmoglobin. solution animal' experierueca:
'I, - a i sinitic:ant drop (1' 0.05 inm total run

It ~iltN J if ued Stomlla-freeC hemog0lob ill solution c
* x .' 'LU to ni mal> re'Ci lii a Shim exi. hanec L. All

e~ iiAd- il at ti l 2
-i hour mark anid ninC aNLed

re ti1liite. DeCspite this rce-, luxi

ii 'jirtitianlil- had a tta eALI I:Ci titMe

!% 111 'tutia'C~ xxl1)j w a'11- still sta1ic ll loxx t tha

ii 1 i L n \-, -a t il-a) pt epared Vi ere ale to reCox rol let t :1i\ to 1:-
OUT I hif> ': 0- Ql:- lk !h-i I method of proach conti ol lex els.

.i cenh i) wf : ' ex ap- All aii illial \WerI. exehaHLeck Ii'
Pr xr'Ml: iLlxx ik W itrornai- hC'IlItItoxIiI lexL11 el' ad b\ exe dax '

I ctilt hL -I; p-, t pi: :2 d usc~in Liaite ll but 11he albuinmtlll Llwull 1ld
"'A -ro 1-11!1i 11:'171; f i\ c tC'lbiu- retulntid to aI level, los to xxuittilulex

Lx 11; ul L - 1 Ai p P ncasule- heart raZte e ICItl urn 1.111 IL1 CI LeIe L
li~e xx. . .n p 1~. Ra ~jifeicf a ld reCoxA'I \\CIwer obtink ie \Lc r the c

l~i-~ii. Cxtx ' <' nt-'.i DCAl
ic-u: xxii nidil xLl ei d h-rxati(in pc-ritca .- lxiuill a:.!

I. ti!1 -- ' V\ \ ui and! \xxhilL still at es t, had iifu-'x i-:
xc -- \eu i I-taned heart rate' conlipaii d to) all ('tliet 'l:

kx-<-,. xxci- iccn th ikI* nl 44 v 5. 10-' 25 1. 2' x~
of-.i BcU: Lu. Vi c 1, r-Ull' \kxcc Ver- I I t 10U bets per minute, Q .5:

it iii-,1 ii i A11J1 iiLimil -tarting Arterial oxxL~cn content re'ults' ubiat-

Ot 11 dijJ .11U!'x. i grzlde. ned iimedia' itelv fol Iowing cvxc ,_c shu-
A 111plti .l Ji:' ILI L;-::' ''eIn xcd t hat alI tillrec iioi-S110i i l Otin' CXPLx
i-.' I: t1t 1111- o! _'mdc, lll- pet: hor

I. tid i'~ux ixf -tii n'a ccd signt iiam drops ill g~ enl con-
p:' hut' lde. tent1 xxIL1 he cMIpJ red to t lIe Slia u ecvhal t-

C P 7 'n ' f . 1 7 7 fc clo t") c

Permit~ .gul nozo~ t
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ged animials (r -0.01). Ini addition, the cnotn of induction w ith ketarnine I mg
O.\N*2Cfl con!l .ll Of the albumlinl L'\chan2Ll XL e INX and surial (20 Ti,- KL. TV). and main-

animals N\,- sionificantlx ]lower than -Ii x ' th a combination of 0.5;C, hakithanc
,ith 1Ox ,2er and intraienou' suceitcholint

ther oft heL 11 Icll(ILobiT;I gi-up, ,5. - 40A m1 at 7 ml nin A le.ft lateral thora-
1 .2 1-. 19 §4 -1.4 and1 1 1 ;.9 - 0 m il ) dL. cium\ xka' perturmcnei hrouc-h the fourth-

C, .05. Throughl the 4S-h 01 perij 1 n- ',rco-tal SpacC and! ihL pericardiurr \%,a

there w\as a sli cht dei' ein at eniat 0 n n_ Left ventriculai: internal diametci ul-
i~cr, ullicn 1f~l1)(.11 !,il dimension cry''1) a' wrLe imPlantedI a-
2Cr on entI o h h erngi'bjp0 C n i 11'l r (if plohat h,. Ct meehanik' These

whil th o~ven orP n o I C a bunt ' i'ma]d ameter Cri stal' V CIL poill oned I'N

'nIasttee1L si iehI IN 'o t h1a1 t 1 null inc, on, crx\ tat \i tl it- \ vkire throuuch the
three group, \\LTe rend i c lctl \entricular lateral xxjl' wkith- a tariLe edl

ctav scven. hoxi L\ cv. 1>;hnoo i~b!" .in thC mannerWIL desetih.'J b\ Bi 'hop ". The
-o mx ':al rem-ained in th,- left ient iculhi chain-

grops ad tiee'~ed h1 ' Li\iO~i C ! h.' aeair-1 the SepILtT N\ w ile 11he leadL wire-
ltent levl a: 1  t. COM') to \aoie'- whi on tinned Out throuct; the eptumn and riLch:

th' I't io p I ii-I uti i 'rd The second en 't al \ka- placed Onilthe

to nce 5li\ I~Iia l 1 \ L i CJ nadliuM of the' lateral \\.]! throu.Lh thL
J n f-Ill 1: 1 h' n al rete .b the na-I'-a of the ti -i, ct-\t al

(iie aai -''tt cahetr'0,8 ID T-e I plced
thiecc 7- it~ cl, \ 5ci di i 'en thiaci, ionn w t! 1 ,Mon .I tor

chat- .~ 'o''-- r C '-'-nce 1111oI <s'!ne fwr blik" '2 1

ietlU
5  

\\
0

r ,'' t'' - * - h ' \\L'rCOnten:- Wjk'~,i, and to 'eI\C a1-

tetC cidi'i: H .i h i- v' it hd'\k f hli 'amplle1-

OkL lT'iMZ0 ('I ' 11 T- (I ON L: CaI an .:11e c't r. a nalxi

It''CP a-tt 
0

' - \\ .1C'n-;,:o~~crc - I A 1 i n I, I rldo

cll,' o.. \ x' nin'- iD x placd arolir" 2 th

Albtn ii\t 3 i-tt~ ~din- art t(Wo n1) i' outputJ" COWil nd ,

andi. ~. 1'' I, i'-M:.an then Ir ubdcrmal 1I, il

Ci ( i ,\ Li I o L t i Tl ~ ' 1 1 ' "f-' -n ,
hii2lo: 0 l\'l ci-i':1 founxiiid\ ''' L.tw: wci'

o iII t I I i I 1 1 )1)V L'1 Ii 1- d iMn lit) \kI Cou n I e'C, -L' L I'UrT

of t\\o litilit oitly abilil\u tthoinne ultrasonic croal- connecte C to a 1
''i'"i, icrnomdr (SA. Change' in Internal

rC'.ultl 0it: a statistical1 11isi- LaIcLtC II.- ~ L i'iexetilt'eeto
cl' fot bo)th hernicwI hbi:- 'olwions dli (I eILA1i :', EDDT-ESD 10.-2 di\VIe 1'\

nio: differ sieL-cantlx frw'' the Sharn T r)Tlxie' EDD i' n-isoi diarLte!; an-1e

al L' uc f, : Lit hen CI st - t c iN I I OFn IL F SI) ernd"sxxtohe dijr1-etL!r EDD xx a- defined
the time coinfiden:' xiitti theC eCat 'If III,

xenx ~~~ ~,:\ f(it nci'etci Lo the EIKG a F SD o- li, time

pv Rr, i w minma Ihv-i' in da!Ie

Mtl-w 11117lniLld b\ iniectioti Of eathoni~ed micro'phecre-
1: niicton- in a Planner Prex;oulx - repor-ted

Re iIblood floix wa'-, calculatedlI' ith
Founti e -x I ; IL-4"' ci 1 ' 'Cx i Xke filet 11 ' dc~cribcd hi Diimcne.ch 'allowitte,

chronicallxirs oiktdin 1 r.i iia li be expressedI jTin l min ' t: li'sL 'wet
to tha:i eX CioUU'l reCpotedL Tic. xocia 11~icliT - 'iec block' of kPPrOXi Mal eli 5 cra-11
pi'ct:T)i a pc \oraN- n'f ;LslL' x~eikl ron-, the biir C2 eic:arditin1 endI,.

peytt~ ful! Icgjbo epcj,,ia
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candiun, kidne%. spleen. intestine. s~omach. tertol and left atrial pressure. heart rate. strok
and skeletal muscle repion,. These samples volume chance in flowk per unit time (dE d:
'x crc minced dried, and counted in -a Packard- -and sonomicromnir%-measurcc, ventricular e.
Auto Gamma Spectrophwonmetei model 5912 niensiun-.
equipped with ai multichannel- analyzer. Anai-
lv 'is Of hei energ\ spctt a Wa performed Di ia~i m'shli.iuc
accordiniL to thL mat ni\ iTn\ esioP, method of Di nlssadsl osue

S eho 'rAll statiics \\circ performed using one \%.
Blood gza' analx sis and ov\\2en content de- analyst' oif \ariance wkith a Newman-Keu

tclrm nation' 'A crC derived fror. Hlood samples multiple range test. Gt oup analysis betwe(
itken from thc arterial and~ enous-1 catheter- the four restingt condition, and the four exet,

II!prior i, mtcrospheic 0 ect ton ctse cunditiotn, was calculated.
Total oxv,_eor con sump' ior \\, a' defined a, T'A o animals died follo\\ inc- albumi. es-

arteialvenus ,,cn conlc'v. difierence v car- change wkith ventricular fibr illation during
(Iact outnotLI (ml 'kt niin., lot voerAt~ trans- exercise and could not be included in. this

0011 ni 'k nun 'e, caculaed rom stud\.- Therefore, six animal, were used inT
ortetai~ o\\Lco conten:l ardla, outpul. Lay- both* the: stroma-free hemoclobin solution and

-i'.d~ ermnatiins cre d in,eoing the tech- in Ilic albumin solution groUrt'
IIq~'o BeatIC-" .c N1icrOIPIIIcr5 detected! ini Ts o esnerimental solwtion' bovine serum

TIl T) prI ix id d clt 1 1' b.1 percenv of albumin 'and unmodiflt d st roma-free henti
oupIh hot ii ti.Capillary. clobitl soluion. wkere- prcpar-cl for- theseL C\-

peniniceni '. The albumin solut in \\a, preparedc
UtneI serum bovinc, albutin. a, previou'l-x

p *~ , id("'cibed. This box inc :ilb umir wa' su'pcndcd
io henuodiolysis fluid t0 pnIi vide a final con

;1-1'2- w\ith react- centiationr o)f approxitizoitelx 7 mc DL. Thc
d ' i itie annecr st roma-f reet hemocLobin solttion wa, prepared

VIorex ' n tp ted ti ib o ox'. Two usinoc a miodificatiocn Of t11c ice-linique described
i-,ee-Ii xil- lt' ,-L-tti~on. ech b\ Gteeinbur andl- 3111 a'.1 prepared in ct -

200Th ' ru 01 i~ -v cilc cot da\-o (it- ' tc o prox ide' a fitnal concentration of tip-
at tadmi ! t, ,t (I L- i- . fotr dletn- pts'xniticel 7 nL DL oif hemnoglobin.

mtal'of maximio hcat raT:C Exhau't ion.
0!1 oIJLtu i toI 111 \0 1 i5  the anlirlt

cou;Il I, p Fo~s Tl-iit1'1,1T 01. xxiinkliad , - RFS I , T S
1o "-CL!up it

X\ eo h~ X 1 T11.be anld th' All tsultt s are shnxxn tin tables Ill -VI~o~til V-on of-Jts' ttka'u1Lremnt' . anbesenintale
NC!5 irlld-. Tb, \\i, d-,iI- Z' njIiaxin As, a eni ta Ic-11 control ant-

e~.iz.tjiS E\Le:,' xx - measured nials in the two group, had hematoctit-s
11 aIl t liPXl loi C\IlalO I]' nlm0!cel and itt of approxi matchik 30 1), wkhich intcased

(II xxi(I tx-n no;. Tslightk l\kxith eixetcise. Fol lowic hemod i-
ltttion \kith either albumin on strorna-ftec

01 iT~ Ti ( SIT Ihemoglobin solution, t-est tn heniatocui t

Fun co- dt!iion xxe;L "todik in_ sCh:1 atu1inlal of 14 ~.increased to IS ", with exetctse.
C 'WilTl CZ% o0T t11i rC'tiT1L 'tatsL \-cllcted
xx Iti thL or-tm I st incline duo-ox11 or the tread--
ir P1 Th~l s tnC sur entl procekdoUic- consisted Albti tttiiillt Cell, w~icid

I"rCrdin,_ hemodxnTamtic rneosutements. t etin odtin rera xgctcn
Kir.: illrt! and th oon' hlI0 d samples and Rsi2cniin reilo~oncn
MI01- ~ To 2 (1' oif tracer iniphrsinto tent andl A-V 0 -difierence wxas siiznifi-
II, 1 leftt i, I ca t1 ten Thee rc er dureS w\in canth l lower than coO trW following CV\

2 Ti d d :; oxairtAL;exnc't condtit ion' chanLC-t ran slfusion\\with alhu tn n Itab. 111)~
d it ; .- mnott, rei 0Ix 'x zo which time Oxygncnimto kntcrpoi11k nolol re0!T-stilitt: o! 1 1:' Lit C rC-e'ta- \eicnuiP o xo utcrpui

nthl-ied LiJeb allnial \\.I- e\c hancd to an sed dueC to inc t-CaScd card iac out put. heart
;1% Trtec hetnati K nit lix Iof I: with either rate, atd dciF 'dt (tab. IV ). Lactate ptudLuC-

itTic insi lot ionl 0r alboni n solttion. Ex- t ion didl not inctease sign if ican tiv ta-
hibooc tb:n, x a' I.; hotirs. P0-t-echange Ton- beIl.An etcs inconr boo

i nil and miminal 1. xr~i'eOeOtneet were l11)Anic-atIico nr'vbcoi

mad:,!, Thc olx n meza'oremntsni were o , floxv was detected,- but thete w ere 11o
J21 I d 11 ca5k h rI-C O~rd II I rd ia Oiutput . r- changes, in cerebr-al ot \ i scetal organ blood(

C..-p~cic~niletot DTIC doo3 not
permift fully legible reproducion
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TABLF ITT

,, :,s com7parizg alb iz b70 u 1ih st1ola fret
izemoclobi 5oIutio;

A " S t ) R 1 2 I l , I h e m : r of u l1 0

L.- han Cn t i E\chang

V ..- .- E\t' '-:, R,-: F\.w... R.'-: E\t :-

Hcal: I ,i

I ha l ,' 2z- - 1z 21' 231 - 20- 123 22 2- 20 105_- 13 25F 14

Cardiac ou !M:'
(nl min k : I It, 2r , -- 1 -7 24 57 P 211 - 3' 99 -13 251 37

41 -" 2 - 13 34 1 33 V ' 40 7

1"20" - 7 Ie S en 5.5 IlC 70 Q.- 7. 130-

H :1 I q, 1f7" 12" 1 -15 127 13 123 1; 15 0 -2-
7. It C, -- t 1

d :-" . - 5 1>S. 3: 134 15 -2 1.2 1e0.2o 74.1e 157_-3(

- P h' .:T~

flows (tab. \I Xl.u~a..di:1 function a, S, ,ta-/,ee htemio?.lohi'l sohution
measured bN prcL-nL .La.1 c11:7 diainct.
\as nut ,onipri oised I Ib. VI I Resting condition: As noted following

-I LLli oalburnin exchange, stroma-free hemoglh,-EXCl-i,, _Olld.Jliol ,' ,: A) IL ON V'°CII

content. arte:ial-vcnou- OX'., cjljclt bin solution exchange-transfused animals
differencc. o\g, Sen coi ,LlmpItj1,. t otal ox.- had a significant drop in arterial oxygen
g.ti transport.I and arl,ur . C'SUL N\- content. This decrease was not of the ma-
dccrcasd si\nifcan11 xvlicn copa'rcd gnitude found following albumin exchan-
to control CXci,,C ,_,n1dilinM- ;tab-. 1ll, ge. Despite this drop, no changes occur-
IV). Despite a decrCase in heart rate, car- red in oxygen consumption, cardiac out-
diac output remained un,:haned because put, heart rate, lactate production (tabs. I.
stroke N.041ttC incrca-d. B tlh lactate pro- 11), or organ blood flow (tab. 111). As
duction and left ati i a pc,,rc showed with the albumin- exchanged animals.
increase,, cotllpuje I(' L0n1t10l execieCi, myocardial function was not changed

while aortic prC,,,tlc N , inificant 0v lo- (tab. IV).
wer (tabs. Ill. IV) Th, albumin exehange Exercising condition: During exercise.
resulted in signil ila inii .ase in both both arterial oxygen content and arterial-
coronary aZ Id .clchlo, bhlod i,,\. a- well \enous oxygen content differences wetrc
as decrease> in meaN : JIcral orga: flow significantly lo\wer than control exercise
(tab. \'. Alhui cxchlxnc d animal. could values (tab. III). Cardiac output remai-
only run at ab ,ul 50' C\Cr, ise capacit\ ned similar to control levels (tab. V). but
of their cotil loexerci-e capa, tv, but this unlike the albumin animals, the stroma-
de:rcaed prfrtm. \ Zas not signifi- free hemoglobin solution animals showed
canrit difftC IC on1 the 60 , achieved no changes in oxygen consumption, oxv-
b\ the hnli,_l hi i annlal- (tlab. VIj. gen transport, lactate production. heart

"; uc~V-:,i/ebL tc F'C di,- not
Trmit fully legible reproduction
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TABLI 1

Ox.gp i dvnama i(" tc .. Ldrt'' . Cotparingd alhiouint Solution vc'rsl1.s SfOflW frtct
hemlo.lobl: .,olt111oPI

AlbiumiT Stroma fr- hem r[:lt n:n ,,o[Utl,,

Cw 4tt Exchangc Contr,l E \L t .

Rc! L.cr' Rc>t Lxw, i, Rest ELct s ,! RF-\'r 1'.

Hcm atocrit (t, 31 4 3b- - 3 14:3"" 16 - * 30 4 33 3 14 - 1" 1 *1
Arterial o \g,.r,

content (,hi d! 12.7 2 13.5 32 C.2 1.F (.t 1 14.0 27 15.t, 24 Q8 1 1*" 110 17*"

Arterial-\ noll,

dfflcrtcr;'c r

d l . . . l 2 1 , 1 3 5 1 5 l € "  7 2 " 1 2 .2 1 7 9 - 0 U S I 5 '

ption tml kg
Mr, 27 3 4 24 lt. 54-' 7.4 2 3 257 .2 5 o 12 2 ' 4

port (mI kg

min, 14.5 1 351 1 2 1 ", 4t 17 .3 - 13.5 3. 33.2 S.Q C.7 l C.  2S1 4
LactaIte (m% L 0 0 17 2.2 2 22 235 -43" 07 0 1r,0-3.0 20 30 2I4 45

I'e'-ou - P2'

mmHr . 37 2 20 e- 33 -, 32 t- 21 -4 2t" t" 251"

1 -- 005 albumin cx, hanc,- L ft-:1 007C,"
,* F 0.05 cxchangC Nrcsut c:.1:-

rate, or dF,.dt (tab. IV). In addition, these dcrations 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 solution; (mo-

dified and unmodified). Since the studies
Microsphere shuntiuL were designed with separate objectives.

- each will be discussed separately.

The results of the shunting measure-

ments are shown in table V. With stroma-
free hemoglobin solution and albumin S\rN RI(IIII HERT BYPASS STDi)IFS

solution, the shunt was increased signifi-
cantly at rest and decreased significantly In performing hemodilution on cardio-
with exercise. Albumin and stroma-free pulmonary bypass at a 50 °0 exchange IC-
hemoglobin solution animals appeared to vel, \e noted generally satisfactory main-
affect microsphere shunting in a similar tenance of myocardial function, ahIhough
fashion. all groups were noted to have statisticall

verifiable decreases in stroke volume. Pre-
vious experience with this animal model

Disct. SSiO\ indicated generally well preserved myo.
cardial function if the hematocrit was

Each of our three studies was designed kept at 15 0 or greater ... That same re-
to examine different physiological consi- port documented a loss of myocardial



HEMODYNAMIC FFICACY or STrRONLA-FREE HEMOGLOBIN SOLUTIONS 97

TABLE V

Blou(; flvv '~z ; ij mbiz 100 g tissu~e) comiparing aliuimn solurio);
V.i5pu?7?a fre Lh Jemnojglbi sohoo;

Sirorn. ,ce hernogiubmn -lun-n

Cunir,1 E\,ha3nge

Coronar\ . w li3 - ' 7, 31k 1 t- 6;2 - l8'** 1 0@1 30 424 - 139 17$ _ 9 W = 109

Bra,-. 4 K, 41- 12 ;z13 97- '5* 42-11 48-13 51::1 69=23

SkCIlWi MU'L, 1 42 G1. 76 $ 4 4 - 3 46:w24 4 _ 3 80-33

Kidnm, . 2-"- q" 5. 273 107 ~ 1697 ;:: ;7 139 - 10: 70- 103

13MZL (1.3- 0.31 17 -14 121 11 20:-11 6 :10

3; z 3;-> 9 _ 1; 2o-1 1 7r- 11 is-- 16-22

33 r i 552 36 222 90 4S -73 139- $21

Lr]Lu i-. t. 'CS 0.8 0.2 1.0 0.3 09-0. 1. -0.2 1.1-0.2

1Lu2l: sh n -"' s 7-- 1Q 0 3'. 4.2 1.0 1.3 -.4** 7.2 -. 3 1.1 - 0.5**

LunL m T 1Z11!u )' !- JIi !L . b- pcriphcral blood ,,huntirw
P .02 \1-!- \;O 11 !

p . ,' UVJr- !- \l' '

TABI I V1

C p. 'o oca rciaf1twctioll neasurecwe s comparing albumn
?U tL he'nuclolbi SOIOulOI

Szroma free hemnoglobin sulutor.-

-~Fx\ k-,- Ewr, i,! Rc-z Exercc R, ; EwrcsC

Total %kork (ki
1 q.14: 9'!I - 29*2052 - 27$ 1245 294'

TIML to) C\11U-
stiun Imm . 11.4 27 -1.* 12.1 2.2 7.31I.F

dianicic!
shoumr, - 2C' 11 2- 2 7 10 2 S. 19 - 32 9 25 rn1 35 7

End -di ash u11
diameu:: (mm 22 22 .4 22 -3 22 -3 21-2 20 - 22-0.4 195 2

P -- 0.005. xC.\hangL: \1 us. u
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function if the hematocrit was at 10 0u to be raised, ho\kever \we failed to docu-
or less. The increased oxwgci, capa.itv pro- ment any measurable toxicity in this pci-
Nided by the .cmoglobin was insufficient fused swine model. Stroma-free hemoglo-
to prevent the decrease in stroke volume bin solution is not a manufacturabe
that occurred when the hematocrit rea- chemical , solution such a,, fluorocar-
ched approximately 12 "'u. Myocardial con- bon emulsions, and is subject to prepa-
tractile function may not be a sensitive ration variations that may result in toxic
indicator of the benefits ot increasing oxy- sequelae when the solutions ac admini-
gen capacity as other studies examining stered to animals models. Obviousiy,
myocardial function in noranesthetized stroma-free hemoglobin solution initnde,
animals also failed to sho\\ any benefit for human use must have sufficient qua-
when stroma-free hemoglobin solution lity control and purity to avoid any toxi,.
was used -:. Given the 50 O, exchange used reaction.
in this study, it was not possible to de-
monstrate any phsyiologic benefits from
utilization of stroma-fr-Ce hemoglobin so- EXERCISING DOG STUDIES
lution having improved oxygcn offloading
characteristics. At higher lec.- ot exchan- Ample scientific literature has establi-
go, \e ha\ demonstratcL prexiously a shed the ability of stroma-free henio2lo-
physiologic effect when bh,uJ of difter- bin solution to maintain gross physiolc-
ing P. characteristic was used-'. Howe- gic oxygen requirements - However,
\er, w1_ must conclude thatt under the little has been done to investigate the ef-
conditions of cardiopulnmontcy bypass, fect of the relatively limited intravascular
when the degree of exchncW is at 50 ",, retention tim,: of these solutions and their
there were no demonstrab!k phvsiologic subsequent ability to act as an adequate
benefits from the usagce o tltima-free resuscitative fluid beyond the initial ex-
hemoglobin solution as opposcd to albu- change, and even less is know\n about the
min solution. This data does- not. howc- effects of introducing conditions such as
ver, contradict our earliei stud\ evaluat- exercis.
ing stroma-free hemoglobin solution as a
cardiopulmonary bypass pri me at ext:e- Immediae ost-ran sin
melv low hematocrit levels - . In :hat stu-
dy utilizing a hematocrit ol 5 . we were All of our animals appeared \ell to]-
unable to maintain an\ cardia, tunction lowing exchange with any ot the solu-
unless the albumin prime xwa, replaced tions, suggesting that none of the solo-
with a stroma-tree hemoglobin solution tions were significantly toxic. Howkevei,
prime. the albumin animals were clearly more

Stroma-free hemoglobin solution is not limited in their ability to exercise, an acti-
the only oxygen-carrying solution being \it' requiring additional oxygen. Albumin
evaluated as a blood substitute and con- animals had significantly shorter total
sequently as a cardiopulmonar\ bypass run times, higher resting heart rate. an,.
priming solution. Fluorocarbon emulsions higher resting venous lactate leyels con
have been evaluated in this role. prima- pared with either the hemoglobin gLoup
ril by Engelman ''.... He noted that the- or the Sham group. The association od

sc emulsions \ecre generally cftective, but oxygen deficiency as the reason for th-
also reported some disturbing inreases abnormalities is further supported by thL
in pulmonary vascular resistance, thus albumin animals lower arterial oxygen
raising concern regarding the safety and content values when compared to othc
tolerance of these solutions, groups.

Concern regarding non-nephrotic toxici- It clearly appears that both hemoglbin
ty of the hemoglobin solutions continues solutions were able to transport enough
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oxygen to maintain exercise despite their solutions may, in some way, accelerate
differences in ox\gcn affinity. The more the return of a more normal hematocrit
vormalized P. of the modific-1 stroma as well as normal physiological function-,,
free hemoglohin solution did not pro\ide even though the stroma-free hemoglobin
any significant initial advantage over un- solution is no longer in the vascular bed.
modified stroma-ttee hemoglobin solution This study appears to provide support

as all results comparing thes., two solo- for several conclusions. Moderate hemo-
tion- in the immediate pust-exchange pC- dilution with a more normalized P.,, does
riod were virlually idcnticAl. Furthermo- not provide any initial advantage in terms
ye, both solutions appeared capable of of exercise capacity. Both hemoglobin so-
maintaining almost normal physiologic lutions provide a significant advantage
function as almost all of the values in the over 7 °0 albumin solution as a resuscita-
hemoglobin animals approached those tive fluid. However, these advantages ap-
achieved by the Sham dogs.. pear to be short-lived and are of little be-

The lower artcrial-vCnous oxygen con- nefit 48 hours post-exchange.
tent difference xaluc.- noted in thc albu- By the seventh post-transfusion day. all
min animal, during exetrcise and rcovcr' animal groups approach control level, and
periods could b duL , cipher at" inet:- are virtually indistinguishable, although
sed cardia, outrnut or dcLrcaZcd oxygen there is some evidence that the stroma-
coln.sumption. Furthlrmote. the do.-s had free hemoglobin solution groups may have
an increase it. latat lCl- durin cxer- obtained this control level at a slightly
cisc. indicating that the d0ccca-ed oxygen faster rate. The initial beneficial effects
consumption wa- not adecfuate! mCting appear to be due to the increased oxygen

xygcn requircmncts. These results would carrying capacity of the hemoglobin solu-
seem to suppow-t the the-is thit it i, the tions while: the somewhat more subtle
.hange in ox~gn caryine capacAitT, bet- long-range benefits must be speculated as
\vccn the albumin and th., strunmia-f-tee arising from an effect that outlast the
hemoglobin sulut ,tUi animals,. tht, rc- actual presence of the solutions.
spoisible for the oberved phsiologic dhi- A final conclusion relates to our failu-
fcrcnles. re to document any significant non-stroma

Albumin animal, 24 hours post-exchan- related toxicity reported by others. Ho-
gC hd an exerikc rcspomc that \vas still \ ever, the recent documentation of toxi-
limited, but would ,,how signs of recovcrv city by reliable investigators continues to
in terms of incre.Cd tOa) ru, i1e, de- be disturbing. When this information is
creascd heart rate. and slightly increased combined with similar toxic reactions in
arterial oxygen coltent and hcmatocrit humans - continued caution must be ex-
levels. It appears tha.t normal mcabolic ercised in proposing these solutions for
and ph.siologic mechanisms w~cre adble to clinical applications.
compensate for the limitinL oxgen aiai-
labilitv resultig frorn the albumin ttans-
fusion. EXERCISING SWI\ STUDIES

B\ dax seven all groups N\erc back to
control levels in all categories except that The results from this study indicate
the albumin exehanged animals still cx- that exercise performance was maintai-p-L-icnCed a siniicantli I arterial nd morceffectivel\ by hemodilution with

oxygen content lexce. Thi, dccreascd oLx- unmodified stroma-free hemoglobin solu-
gen content appeared to vo-relate with tion than with 7 Ov albumin. This is indi-
the more persi,,tcntly depressed henato- cated by greater oxygen delivery, aortic
crit level still present in the albumin ani- pressure, exercise dF/dt, duration of exer-
mals by the seventh day. Perhaps the ini- cise, and decreased lactate production in
tial presence of stroma-frcc hemoglobin the stroma-free hemoglobin solution ex-
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changed animals w-mpar,. to the albu- The degree of shunting shown in these
min-exchanged animals. studies is low enough to be physiologi-

At rest following albumin exchange, cally insignificant. During exercise, shunt-
oxygen consumption and oxygen trans- ing decreases as might be expected since
port remained close to control levels due visceral blood flow also decreases with
to an increase in cardiac output. Because exercise and much of the shunting may
stroke volume ren-ained ,onstant, this il- bc coming from visceral organ., Shunting
crease in cardiac output was due to an seen at rest in our animals is ,imiiar to
increase in heart rate. This coincides with that seen in swvine from other lzibora;m-
the results of other investigators who ries '
reported that cardiac output varied inver- During exercise stress in the albumin-
selv with hematocrit primarily due to de- exchanged animals, heart rate did not in-
creased viscosity and peripheral vascular crease cardiac output enough to compen-
iesistance. Increased cardiac output was sate for the increased oxygen require-
not detected in animal,, exchanged with ments. This may be explained by a failu:c
stroma-free hemoglobin solution which to meet the necessary oxygen require-
has a viscosity similar to the viscosity of ments needed to elicit a maximal heart
albumin soluticn ' Thcrelore, it ma\ bc rate. Further support for this interprcut
that the increase in cardia., output is a tion is provided by the fact that albumin-
combination of an autorcgulatorv mecha- exchanged animals ran for an average of
nism in response to mild hypoxia as well 1.6 minutes less than stroma-free hemo-
as the decreased viscosity. globin solution-exchange animals and ap-

During exercise, qlbumin-cxchanged ani- proximately six minutes less than undo:
mals had lo-wer oxygen consumption when control conditions
compared to pre-exchangc exercise values. Previous reports " have shown an ii-
This indicates insufficient oxygen to meet crease in coronary blood flow with hemo-
the higher oxygen demands, of exercise. dilution. We also noted that coonv't-
This was associated \with a significant de- blood flow was greater follo\ine hen,-
crease in total oxygcn transpwrt due to dilution with albumin during rct and
the decreased transport of oxygen with exercise. Since there was no inciease in
albumin solution and ma\ also be due to coronary blood flow\ follo\ing stroma-
the increased peripheral blood shunting free hemoglobin solution exchange, this
found in these animals. Evidence for this suggests that these animals \were not ex-
shunting is based on the decreased aortic periencing as high a level of hypoxia.
pressure and low er peripheral resistance The constancy ot percent change of diat-
noted in the albumin-exchanged animals meter and end-diastolic diameter suggests
Previous work from this laboratory '... that despite decreased oxygen availabilit\
has shown that the decrease in absolute following exchange with albumin versu..
visceral blood flow is a sensitive indica- stroma-free hemoglobin solution, mvocai-
tor of exercise stress in the pig. This sen- dial performance (determined by these in-
sitivity is apparent when comparing the dices) was not impaired. This apparent
greater decrease in visceral blood tlo\w in constancy of mvocardial function ma\ be
the albumin exchanged exercised group deceix ing, however, because we have Iittle
compared to the other eercised groups. information regarding how long mvocai-

If the ultimate limit of aerobic exercise dial function could have been maintained
is the limitation of oxygen transport or under these conditions. In addition, albu-
oxygen diffusion as has been suggested by min-exchanged exercised pigs experienced
Blomquist and Saltin <, then the redistri- a significant decrease in aortic pressure
bution of blood flo\% away from the Ni- and a marked increase in left atrial pres-
scera during eercise may be enhanced fur- sure during exercise. Such changes arc
ther during hemodilution and exercise. often seen during initial stages of mvo-
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cardial failure '. Coronary' blood flow fur ted abnormalities such as minor coagu-
these animals may be below the reserv lation defects would not be detected in
capacities of the heart '.our study, however the major hemodyna-

Lactate production follo'.\in2 albumin mic problems, such as significant ar-rhyth-
exchange and exercise increased signifi- mias, hypoxia, and death, would have been
cantly even though total exercise timle was detected. Since these problems were re-
slichtly less than with struma-free hemo- ported in rabbits rather than in pigs and
globin solution. Cain reported that incr-ea- dogs, it would seem reasonable to conclu-
sed lactate can be the result of hypo- de that the animal model used to evaluate
xen'ia produced by auo hange ane- that solution is of crucial importance.
rnia '.Although ,ve did not find increa-
sed lactate at rest following exchange, wve
did document increased lactate during ex- CONCLUSION

ercise. Again, we are pridecid with evi
dence that alburnin animials were expe- While the art and science of manufac-
riencing a greater oxygen del i; iency ,which turing stroma-free hemoglobin solution
ultimately led to a loue exer-cise capa- has not reached a level sufflicient to pro-
CIF\ vide a product that can function as a

Arn issue not direcli ie; inl this complete red cell subbtitute, we feel these
stu1d\ i.. thait ut the potenui! toxic:ity ot studies demonstrate an improvement in
the solutions. The rt-air p~oblem of tis- various physiologic parameters even when
sue damage from- red cell !-,rna ha,- ge- an incomplete solution is used. Further-
iicrallv been solved. ho\yr\ somen recen- more, we were impressed that these bene-
dvy published articles, hai\c documiented ficial effects were apparent at moderate
significant hemnodynamii. and hematolo- levels of hemodilution, although the im-
caical toxicity not asscizitd J vith the stro- position of an exercise stress was essen-
rnal cumnpunent ' Somec ut the repor- tial to elucidate some of these differences.

Depairtmcni (A An~' \ . Mdc:-,i (xnrle-
and t.ni\er ,ii\ of CaIoorni. Soi. Dic>, Sc:huu (of Medicine
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ABSTRACT

We exchange-transfused 14 awake swine (sus scroffa) to a 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 caraiac output and resulted in decreasea oxygen con-

sumption, duration 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 ventricuIr fibrillation following albumin exhange ana maximal exer-

cise. Animals hemociluted 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



INTRUDUCTION

Reduction in the circulating hematocrit either as a result of blood loss

or erythrocyte destruction is a common clinical situation. Although the

restoration of a normal hematocrit and normal oxygen 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 02

carrying capacity above that of dissolved oxygen in a crystalloid solution

dates back to 1934 (1) with the development of a true stroma-free hemoglobin

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



In addition, new manufacturing techniques allow the production of a true

stroma-free hemogIobin solution which is devoid of the nepnrotDxcitj previ-

ously associated with stromal components (13,24). Further worK has helped

solve the additional problems of intravascular retention and oxyger offloaaing

(10,11,16). Its use as a resuscitation fluid has been reported (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 dll reported in-

creased effectiveness of stroia-free hemoglobin solution over other crystal-

loid resuscitation fluids demonstrating that acid-base status, mitochondrial

function, and myocardial function are preserved adequately if hemoglobin solu-

tion, rather than a non-hemoglobin containing solution, is usea.

Although these studies have been valuable in estaolishing 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 is

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.



METHODS

Animal Model

Fourteen swine (40-50 kg) of either 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 m /kg,

IM) and surital (20 mg/kg, IV), and maintenance with a combination of 0.5%

halothane with oxygen and intravenous succinylcholine (400 mg/L at 7 ml/min).

A left lateral thoracotomy was performed through the fourth intercostal space

and the pericardium was openea. Left ventricular internal diameter ultrasonic

dimension crystals were implanted as indicators of global heart mechanics.

These internal diameter crystals were positioned by pulling 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-

ci ty.

All catheters and lead wires were brought out of the thoracic cavity via

the fourth intercostal space and then run subaermally to the back where they
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were externalized. A diagram of this instrumentation is presented in Figure

I.

Myocardial Function

Ventricular dimensions were measured using implantea ultrasonic crystals

connected to a Schuessler and Associates Sonomicrometer (Sonotek, San Diego,

Ca.). The ultrasonic signal was monitored with a Tectronic 465B 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 technique of

Bishop (3). Changes in internal diameter during ventricular ejection (/.4D)

were defined as EDD-ESD x 1OU divided by EDD; where EDD is end-diastolic diam-

eter and ESD is 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 + 104m, New England Nuclear, Boston, Mass.) in a manner pre-

viously reported (26). Regional blood flow was calculated by the method des-

cribed by Domenech (8) 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 withn 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 performed

according to the matrix inversion method of Schosser (27). Standards, con-

taining pure radionuclide, provided overlap matrix values. Unknown amounts of
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the radionuclide 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 in a single

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

Blood gas analysis (Instrumentation Laboratories 813, Lexington, Mass.)

and oxygen content determinations ([.L. 282 and Lexington Instruments:Lex 02

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 02/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 mpn/15% grade, 3.1 mph/5% grade, 3.1 mph/1O% 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
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discouraged halting before exnaustion. Previous studies from our laboratory

haveshown that the piy can achieve and sustain maximal heart rate for several

minutes while final medsurements are made (31). It was anticipated that ani-

mals that received a blood exchange would have a greatly decreased work capa-

city. In two pilut studies with animals not included in this Study we ex-

changed 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

until 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. Control 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 treac-

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 106 spheres) into the left atrial
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catheter. These procedures were repeated during maximal exercise conditions.

Following a 30 minute recovery, at which time the normal resting condltions

were re-established, each animal was exchanged to an average 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. Tte 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 g/DL of hemoglobin. A typical batch of our stroma-free hemoglobin



solution was characterized by a hemoglobin concentration of b.1 g/DL, 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 9U days of manu-

facture (storage at 40C) and periodic pyrogen testing and determination of

metnemoglobn leveis insured the use oi a sterile product with methemoylovil,

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 in

previous studies (21) that the resultant in vivo p50 drops from a normal value

of approximately 35 TORR to a reduced value of 27 TORR.

RESULTS

All 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, dna 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 either 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 02 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 measurea by % D, was not com-

promised (Taole 4).
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Exercising Condition: Arterial oxygen content, arterid-venous oxygen

content difference, oxygen consumption (Figure 4), total oxygen transport, and

aortic pressure (Figure 5) were decreased significantly when compared to con-

trol exercise conditions (Tables 1,2). Despite a decrease in heart rate,

cdriaj4a; ..pjt remained unchanged because stroke voliu 'r increased. Both lac-

tate production and left atrial pressure showed increases compared to 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 decreasec

performance was not significantly different from the 60% performance achieved

by the hemoglobin 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 dF/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 hemoglobin solution and albumin solution, the shunt 4As

increased 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 hemoglobin solu-

tion than with 7% albumin. This is indicated by greater oxygen delivery,

aortic pressure, exercise dF/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 hds been suggested by Blomquist and Saltin

(4), then the redistribution of blood flow away from the viscera during 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

stroma-free hemoglobin solution and albumin solution, suggesting rheological

alteration which might account for more arterial-venous shunting. However,

since the point of maximal stress is during exercise and there is relatively

low shunting during exercise under all conditions, it does not appear that

either albumin or stroma-free hemoglobin solution results in enough shunting

to have an adverse effect during exercise.

During exercise stress in the albumin-exchanged animals, heart rate did

not increase cardiac output enough to compensate for t e increased oxygen

requirements. This may be explained by a failure to meet the necessary oxygen
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requirements needed to elicit a maximal heart rate. Further support for this

interpretation is provided by the fact that albumin-exchange animals ran for

an average of 1.6 minutes less than stroma-free hemoglobin solution-exchanged

animals and approximately six minutes less than under control conditions.

Previous reports (14) have shown an increase in coronary blood flow with

hemodilution. We also noted that coronary blood flow was greater following

hemodilution with albumin during rest and exercise. Since there was no

increase in coronary blood flow following stroma-free hemoglobin solution ex-

change, this suggests that these animals were not experiencing as high a level

of hypoxia.

The constancy of %6D and end-diastolic diameter suggests that despite

decreased oxygen availability following exchange with albumin versus stroma-

free hemoglobin solution, myocardial performance (determ'ined by these indices)

was not imnaired. This apparent constancy of myocardial function may be

deceiving, however, because we have little information regarding how long myo-

cardial function could have been maintained under these conditions. In addi-

tion, albumin-exchanged exercised pigs experienced a significa decrease in

aortic pressure and a marked increase in left atrial pressure during exer-

cise. We have seen such changes often during initial stages of myocardial

failure (28) and have attributed them to a coronary blood flow below the

reserve capacity of the heart (31).

A recent investigation from our laboratory (17) on the effects of global

hypoxia on myocardial function showed that indices of myocardial function such

as % D and dP/dt increased with decreasing arterial P02. The point of criti-

cal oxygen delivery to the heart was characterized by a maximal dP/dt response

and a maximal stroke volume. This critical point also results in maximal

coronary vasodilation. With a further decrease in arterial oxyen content,
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immediate "heart failure" is evident, as shown by a rapid decrease in dP/dt,

stroke volume, %AD, arterial blood pressure, and a net production of myo-

cardial lactate. This rapid decompensation of the heart may not be evident in

an exercising animal since intense exercise is probably impossible at such low

oxygen tensions. However, in this present study we experienced two episodes

of sudden heart failure characterized by ventricular fibrillation in exer-

cising animals following albumin exchange. These animals had no previous

arrhythmias while exercising, but showed a sudden rapid decrease in blood

pressure, dF/dt, and % D just before fibrillation. The data from these two

animals were not used in this study since final blood flow studies were not

obtained.

Additional support for the advantage of stroma-free hemoglobin solution

over albumin is provided in the overall exercise performances. Although

none of the exchanged animals in either group met control levels, stroma-free

hemoglobin solution animals were able to run to a 60% capacity, while albumin

animals were capable of reaching only 50% capacity. This 10% difference did

not reach statistical significant and would not initially appear to be impor-

tant. However, this 10% difference in measurable exercise endurance was

accompanied by a qualitative difference in the manner in which the two groups

tolerated their maximum exercise levels. The stroma-free hemoglobin solution-

exchanged animals were almost always capable of continuing to exercise at

their maximum heart rate, while the albumin animals had difficulty sustaining

their maximum exercise. This difference in exercise performance was more

dramatic in similar exercise studies utilizing a similar albumin and 50%

stroma-free hemoglobin solution exchange in exercising nonthoracotomized dogs

(20).
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Lactate production following alDumin exchange and exercisp increased sig-

nificantly even though total exercise time was sligntly less than with stroma-

free hemoglobin solution. Cain reported that increased lactate can be the

result of "hypoxemia produced by autoexchange anemia" (5). Although we did

not find increased lactate at rest following exchange, we did find increased

lactate during exercise. Again, we are provided with evidence that albumin

animals were experiencing a greater oxygen deficiency which ultimately led to

a lower exercise capacity.

Although overall exercise performance was lower than control levels fol-

lowing stroma-free hemoglobin solution exchange, this study suggests that ani-

mals hemodiluted with such a solution have higher exercise capacity than ani-

mals hemodiluted with albumin solution.

An issue not directly addressed in this study is the potential toxicity

of the solutions. The major problem of tissue damage from red cell stroma has

generaliy been solved, however some recently published articles have docu-

mented significant hemodynamic and hematological toxicity not associated with

the stromal components (29,30). Some reported abnormalities such as minor

coagulation defects would not be detected in our study. However, the major

hemodynamic problems such as significant arrhythmias, hypoxia, and death would

have been detected. These were absent in our study because the hemoglobin

solution-exchanged animals had improved hemodynamics and an improved response

to exercise. These problems were reported in rabbits, and in view of the lack

of any toxicity in our pig model or in our simpler canine model (20), it would

seem reasonable to conclude that it is possible to manufacture an effective

non-toxic solution. The animal model used to evaluate that solution is of

crucial importance.



While the art and science of manufacturing stroma-free hemoylocin solu-

tion has not reached a level sufficient to provide a product that can function

as a complete red cell substitute, we feel this study demonstrates an improve-

ment in various physiologic parameters even when an imperfect solution is

used. Furthermore, we were impressed that th2;e ben-eficial effec.s were

apparent at moderate levels of hemodilution, although the imposition of an

exercise stress was essential to elucidate some of these differences.
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FIGURE LEGENDS

Figure 1 Schematic diagram of instrumented swine heart illustrating aortic

flow probe, catheter, and crystal placement.

Figure 2 Examples of actual pressure, dimension, flow, and the first

derivative of flow (dF/dt) tracings.

Figure 3 Coronary blood flow measured in ml/min/100 grams.

o = Albumin control A Albumin exchange o = SFHS control

- = SFHS exchange * = p<.0 25, exchange vs. others

* = p<.025, exchange vs. control.

Values displayed are mean + S.E.M.

Figure 4 Oxygen consumption measured in ml/min/kg.

o = Albumin control eS = Albumin exchange o = SFHS control

&= SFHS control t = p<.01, exchange vs. control

Values displayed are mean + S.E.M.

Figure 5 Aortic pressure measured in mm/Hg.

o = Albumin control 4 = Albumin exchange o = SFHS control

= SFHS exchange * = p<.05, exchange vs. others

Values displayed Are mean + S.E.M.
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ABSTRACT

The ability of stroi;ia-free hemoglobin solutions to support a hemodiluted

animal's ability to exercise foilowing exchange transfusion was evaluated in

20 splenectomized mongrel dogs. Control measurements incluaed hematocrit,

heart rate, total exercise time, arterial and venous oxygen content and venous

lactate levels during rest, exercise, and recovery. Five dogs comprise each

group which was 5U% exchange-transfused while awake with either: (1) a modi-

fied troma-free hemnoglobin solution (P50= 22 TURk), (2) unmodified stroma-

free nemoglobin sulutiur (VSU= 11 TURk), (3) 7% bovine serum albuirin, or (4)

their own blood. eeasurerent, were mdat immediately following transfusion,

ano at 24 hours, 4 hours, ari'i seven days post-transfusion. Animals exchanged

with either ot the hemoglobir solutions were initially capable of exercising

at a higher rate thdn the allu!,in-excnanged animals (p <.05). However, by the

4b-hour and seven-day measurkrerits, all animals nad returnea to control

values. The higher PSU solution aia not provide any major, statistically sig-

nificant advantage over the uriu JifieO solution.

KEY TLKMIS: Exercise oxygen sujly

Artificial bl o,)6

Hemoglobins
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INTRODUCTION

Among the experimental resuscitation fluids currently being evaluated,

stroma-free hemoglobin solution (SFHS) appears to be an advantageous solution

based primarily upon its ability to transport oxygen (1-3). In addition, it

exists as a naturally occurring protein which can be transfused without any

known allergic or cross-matching problems (4-5). In the lyophylized state,

SFHS has a relatively long shelf life and has been reported previously as an

"idedl" plasma expander (b-8). In addition, due to its low viscosity (b) SFHS

potentially may be an excellent candidate for initiating hemodilution during

cardiopulmonary bypass (9).

Uespite these advantages, there are problems associated with the use of

SFHS wnich need further investigation. One problem is the typically low P50

value '11-13 TUkK) of neioglobin solution, resulting in a leftward shift in

the oxyhemoglobin aissociation curve with increased oxygen affinity (10). A

second major proble2 is the relatively short biological retention time (11) of

hemoglobin solution. In addition, although the kidney-damaging characteris-

tics of the earlier solutions have been resolved with removal of red blood

cell stroma (6,13,14), recent published reports (15,16) as well as unpublished

communications from various laboratories using SFHS have raised the question

of non-scroma related toxicity in the form of deleterious procoagulant, card;,-

ovascular, and organ damaging effects. These toxic reactions have made the

solution virtually unusable for many of these investigators. Initial investi-

gations into the causes of these toxic reactions indicate that some animal

models (e.g., rabbit) may be inappropriate, and that special care must be

exercised to insure a high level of consistent quality control in the produc-

tion of the solution as well as insuring that the final solution is chemically

balanced and free of endotoxin and pyrogens. Since we did not experience any
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of these non-stromal associated problems with our particular solutions, we

have not addressed this toxicity issue in our studies. We have concentrated

primarily on evaluating the effects of high oxygen hemoglobin affinity and

shortened retention time in solutions used to effect hemodilution in a 50%

awake exchange animal model.

Two of these problems of concern in this study have been addressed by

Greenbury and associates reporting that "permatization" of SFHS with pyridoxal

5'-phostphate (PLP) not only improved P5O values without impairing oxygen

carrying capacity, but also improved intravascular retention time over unmodi-

fied versions by 50%' (12). More recent WOrK from Europe by Kothe and associ-

ates (17) has resulted in further solution improvements utilizing intermolecu-

lar cross-linking as well as pyridoxalization. Despite these apparent ad-

vances in the composition of the solutions, there are few, if any, studies

compdring these solutions under induced stress conditions (i.e., exercise)

designed to evaluate the ability of these solutions to support a function

known to require an increased oxygen consumption.

This study was designed therefore to compare the effects of three differ-

ent hemodiluting fluids: 1) modified SFHS, 2) unmodified SFHS, and 3) 7%

albumin solution in nonanesthetized dogs exchanged to equal hematocrit levels

and examined under conditions of rest, exercise, and recovery. We specifi-

cally wanted to determine if the greater oxygen-carrying capacity of either

SFHS provides any significant advantage in terms of supporting exercise capa-

city at a reduced circulating hematocrit.

METHUDS

Twenty mongrel dogs (30-45 kg) of either sex which had been trained pre-

viously to run on a treadmill were used in this study. Following anesthesia

with sodium pentobarbitol (25 mg/kg), arterial and venous catheters were
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placed in the carotid and jugular veins for sampling purposes and the spleens

were removed. The animals were allowed to recover for two weeks before exper-

imentation began. At this time, control measurements were collected during

resL, exercise, an6 recovery periuds. Tite measureents included EKG-evalu-

ated heart rate and arterial and venous blood samples for blood gas determina-

tion, hematocrit levels, arterial and venous oxygen Lontent levels, and venous

lactate levels. All exercise data and blood samples were collected after the

dogs had completed four minutes of exercise including two minutes at 2 mph and

two minutes at 4 mph. All recovery data was collected ten minutes post-exer-

cise.

Follow ng these control measurements, four groups of five animals each

were exchange-transfused with either their own blood (Shan, exchange), 7% albu-

nin, modified SFHS, or unmodified SFHS to an average hematocrit level of 16%

(except for the Sham-exchanyea animals whose hematocrit level remained the

same). Transfusion volume was approximately 1.5-2 liters per dog and required

dpproximately one hour to complete. All Sham dogs had two liters of their own

blood withdrawn and reinfused in a manner identical to the animals being

exchanged with an exogenous solution.

Following transfusion, animals were again placed on the treadmill and the

measurement sequence previously outlined was repeated. Additional measure-

ments consisting of hematocrit, arterial oxygen content, total run time, and

hedrt rate during rest, exercise, and recovery were collected 24 hours, 48

hours, and seven days post-transfusion.

Unmodified SFHS was prepared in our laboratory in a manner previously

reported (6,10,13,14). The average P50 of this solution was 11 TORR. Modi-

fied SFHS was prepared in our laboratory according to Greenburg's method (6).

The P50 of this solution was approximately twice that of unmodified SFHS or 22
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TOkR. Seven percent albumin solution was prepared using bovine serum albumin

Fraction Five (Calbiochem, La Jolla, Ca.). All P50 measurements were accom-

plished using a Radiometer Dissociation Curve Analyser (model DCA1). blood

gas results were obtained using Instrumentation Laboratories (I.L.), model 813

Blood Gas Analyzer (Lexington, Ma.). Arterial and venous oxygen content

results were obtained using an I.L. 282 Co-oxymeter. Venous lactate levels

were determined according to the technique of Beutler (18). All exercise runs

were performed in a standard clinical treadmill starting at 0 grade and pro-

gressinq in speed and grade. A complete exercise run consisted of completing

two minute runs at 2, 4, and 6 miles per hour at 0' grade followed by four

minute runs at 8 miles per hour at a 0%, 3%, and 5% grade. Total run time was

measured in minutes with a completed exercise run taking 18 minutes.

Statistical analysis consisted of using Analysis of Variance, I way, fol-

lowed by a Newman-Keuls Multiple Range Test.

RESULTS

All animals receiving either a Sham exchanye or either of the hemoglobin

solutions ran at levels approaching control, as opposed to albumin-exchanged

animals which were significantly limited (p >0.05) in their exercise capabili-

ties (Fig. 1). It should be noted that only two of five albumin animals were

capable of exercising following exchange and therefore a zero for total run

time was the average for each of the three animals that did not run.

After 24 hours, unmodified SFHS animals experienced a significant drop

(p<O.05) in total run time compared to animals receiving modified SFHS or ani-

mals receiving a Sham exchange. All albumin animals were capable of exerci-

sing at the 24-hour testing and increased their average running time from 2.3

to 9.7 minutes. Despite this increase, albumin-exchanged and unmodified SFHS

animals had a total exercise time statistically lower than the modified SFHS
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group. After 48 hours, the exercise performance ot ti1, unmodified SFHS ani-

mals continued to be depressed while the albumin-exchanged animals continued

to increase and met the level of the unmodified SFHS groups. At this point

exercise performance between the two groups was virtually the same. After

seven days all animals were able to recover sufficiently to approach control

levels.

Figure 2 shows that all animals were exchanged to similar hernatocrit

levels. By seven days post-transfusion all but the albumin group had returned

very close to control levels.

heart rate results during rest, exercise, and recovery over the seven-day

observation period are shown in Figures 3a, 3b, and 3c. Immediately following

exchange and while still at rest, albumin-exchanged animals had significantly

higher heart rates when compared to all other animals (p<.05). Because only

two albumin-exchanyed animals were capable initially of exercising following

exchange, heart rate results for both exercise and recovery were limited to

two samples for this group at the immediate post-exchange time period.

Although the average heart rates of these two albumin-exchanged animals were

higher during exercise and recovery than that of the Sham group or either

hemoglobin group, the lack of adequate sample size prevents us from making any

statistical statement on the significance of this finding. However, none of

the modified or unmodified SFHS animals showed any significant changes in

resting heart rate throughout the entire experiment. After 24 hours, the

heart rates of the albumin-exchanged animals were back to control levels and

remained at those levels to the study's conclusi-.n.

Arterial oxygen content results are seen in Figure 4. Immediately follo-

wing exchange, all three non-Sham groups experienced significant drops in oxy-

gen content when compared to the Sham-exchanged animals (p <0.01). In



addition, the oxygen content of the albumin-exchanged animals was signifi-

cantly lower than either of the two hemoglobin groups (p <0.05).

Throughout the 48-hour period there was a slight decrease in arterial

oxygen content for both hemoglobin groups, while the oxygen content of the

albumin-exchanged animals increased slightly making the three groups indis-

tinguishable. However, by day seven both SFHS groups had increased their oxy-

gen content levels to control values while the albumin-exchanged group,

although continuing to increase slowly, nad values significantly lower than

all tnree other groups (p<.US).

Arte-ial-venous oxygen content values obtained before and immediately

after exchange are presented in Table 1 during rest, exercise, and recovery

conditions. No significant changes were detected during resting conditions,

but during exercise and recovery the two albumin-exchanged animals capable of

exercise differed from the other three groups, having lower mean arterial-

venous oxygen content differences. Since cardiac output was not measured in

our animals, we can only speculate whether this decreased arterial-venous oxy-

gen content difference represented an increased cardiac output or a decreased

oxygen consumption.

Aluumin-exchanged animals at rest had significantly higher (p <0.05) lac-

tate levels compared to all other groups (Fig. 5). Lactate levels during

exercise and recovery for the two albumin dogs capable of exercising following

exchange were higher than levels found for either SFHS. However, the small

sample size in this study limits our ability to compare these results on a

statistical basis. Lactate levels for both hemoglobin solutions did not dif-

fer significantly from the Sham values for either rest, exercise, or recovery

following exchange.



9

DISCUSSION

The ability of SFHS to maintain gross physiologic oxygen requirements

following hemodilution has been well established (2,9,19). However, little

has been done to investigate the effect of the relatively limited intravascu-

lar retention time of these solutions and their subsequent ability to act as

an adequate resuscitative fluid beyond the initial exchange. Even less is

known about the effects of introducing conditions such as exercise. The most

significant work in the area of improving oxygen off-loading and vascular re-

tention has been done by Greenburg and associates. They have evaluated the

resuscitative efficiency of botn modified and unmodified SFHS in dog and rat

hypovoleric hypotensive shock models (10,12). These investigators have

reported a half disappearance time of approximately 140 minutes for modified

SFHS when mean systolic pressure was 70 TORR or greater. This value repre-

sents a b% increase over siMilar results found with unmodifiPd SFHS. TheJ

also reported that retention time varied inversely with pressure as renal

function and the excretion cf SFHS decreased with hypotension. From their

results it would appear that modification of SFHS with pyridoxyl 5'-phosphate

is a factor in increasiny intravascular retention. However, their results

were obtained in anesthetized animals studied shortly after resuscitation.

Immediate Post-Transfusion Period

All animals appeared well following exchange with any of the solutions,

suggesting that none of the solutions were significantly toxic. However, the

albumin-exchangeu animals were clearly more limited in their ability to exer-

cise, an activity requiring additional oxygen. Albumin-exchanged animals had

significantly shorter total run times, higher resting heart rates, and higher

resting venous lactate levels compared with either the hemoglobin group or the

Sham group. Citing the apparent lack of oxyen is the reason for these
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abnormalities is supported further by the significant decrease in arterial

oxygen content in dlbumin-exchanged animals compared to the other groups.

It clearly appears that both hemoglobin solutions were able to transport

enough oxygen to maintain exercise despite their differences in oxygen affi-

nity. The more normalized P50 represented by modified SFHS did not provide

any significant initial advantage over unmodified SFHS in terms of exercise

ability; all results comparing these two solutions in the immediate post-

transfusion period were indistinguishable. Furthermore, both solutions

appeared capable of maintaining almost nonnmal physiologic function since

almost all of the values in the hemoglou. animals approached those achieved

by the Sham dogs. Both hemoglobin groups experienced significant decreases in

arterial oxygen content and this remains the one notable exception to the

similarity in values among study groups. This appeared to be of little conse-

quence in terms of exercise capacity because both hemoglobin groups exercised

at levels only slightly lower than the Sham group.

These results are not totally unexpected. Much success has been reported

in maintaining animals with SFHS even when exchanged to the zero hematocrit

level. It now appears that SFHS, irrespective of increased oxygen hemoglobin

affinity, appears capable of maintaining normal physiologic conditions in

moderately hemodiluted dogs stressed with exercise.

The lower arterial-venous oxygen content difference values noted in the

albumin-exchanged animals during exercise and recovery periods could be due to

either increased cardiac output or decreased oxygen consumption. These ani-

mals were not instrumented in an appropriate manner for the measurement of

cardiac output. However, in another animal study from our laboratories we

instrumented pigs with vascular catheters and an aortic flow probe and sub-

jected them to a period of treadmill exercise immediately following a 50%
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exchange with albumin and unmodified SFHS (20). These animals also demonstra-

ted a significantly decreased arterial-venous oxygen content difference which

was accompanied by significantly decreased oxygen consumption and stable

cardiac output. Furthermore, both animal models had an increase in lactate

levels during exercise, indicating that the decreased oxygen consumption was

not adequately meeting oxygen requirements. These results in two animal

models would seem to support the thesis that the change in oxygen-carrying

capacity between the albumin-exchanged and the SFHS animals is responsible for

the observed physiologic differences.

Although there were no significant differences between the two hemoglobin

solutions in the immediate post-transfusion period, by the 24-hour study time

we did note some significant differentiation between the solutions. Arterial

oxygen content, hematocrit, and heart rate levels remained virtually indis-

tinguishable, however, the modified SFHS animals increased their exercise

capacity at the 24-hour period, while unmodified SFHS animals experienced a

30% decrease. The mechanism for this difference is not apparent from the data

presented here. Certainly it does not appear to be the result of increased

intervascular retention or oxygen delivery potential, because arterial oxygen

content levels between the two hemoglobin solutions were similar.

This beneficidi effect may have its origin in other areas. It is pos-

sible to speculate that there may be a metabolic benefit associated with modi-

fied SFHS attributable to the increased molecules of glucose, adenine, and

phosphate present in the modified solution rather than to any increased avail-

ability of oxygen. Since almost all of the solution has been excreted by 24

hours, it is difficult to conclude that the difference is due to improved oxy-

gen off-loading. If the difference is indeed real, it must be attributed to

some sequelae of a modified SFHS that persists beyond the presence of the

solution itself.



12

Albumin-exchanged animals had an exercise response 24 hours post-transfu-

sion that was limited but would show signs of recovery in terms of increased

total run time, decreased heart rate, and slightly increased arterial oxygen

content and hematocrit levels. It appears that normal metabolic and physio-

logic mechanisms were able to compensate for the limited oxygen availability

resulting from the albumin transfusion.

Measurements made 48 hours post-transfusion show similar results for both

albumin-exchanged and unmodified SFHS animals in all categories, suggesting

that whatever benefit was initially provided by the unmodified hemoglobin

solution was virtually absent at this time. This resulted primarily from the

ability of the albumin-exchanged animals to raise their recovery values rather

than from further deterioration of the SFHS animals. At the 48-hour testing,

modified SFHS still appeared to maintain some advantage over the other ex-

change solutions since these animals still maintained an exercise capacity

close to control, suggesting the continued presence of some form of beneficial

netabolic activity.

by the seventh post-transfusion day all groups had returned to control

levels in all categories except the albumin-exchanged animals. They continued

to experience a significantly lower arterial oxygen content level. This

decreased oxygen content appeared to correlate with the more persistently

depressed hematocrit level still present in the albumin-exchanged animals by

the seventh day. Perhaps the initial presence of SFHS may in some way accel-

erate the return of a more normal herlatocrit as well as normal nhysiological

functions, even though the SFHS is no longer in the vascular bed. Due to the

unavailability of additional data in this area, these thoughts can only be

regarded as speculative.
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This study appears to provide support for severdl conclusions. Moderdte

hemodilution with a more normalized P50 does not provide any initial advantage

in terms of exercise capacity. However, the modified SFHS did appear to pro-

vide some advantage over unmodified SFHS in terms of exercise capacity at the

24- and 48-hour post-transfusion perioas. Both hemoglobin solutions provide a

significant advantage over 7' albumin solution as a resuscitative fluid. How-

ever, these advantages appear to be short-lived and are of little benefit 48

hours post-transfusion.

by the seventh post-transfusion day, all animal groups approached control

levels -ino wer-e 4irtually indistinguishable, although there is some evidence

that the SF$iS groups may have obtained this control level at a slightly faster

rdte. The initial beneficial effects appear to be due to the increased oxy-

yen-carrying capacity of the hemoglobin solutions and we speculate that the

more subtle long-range benefits drise from an effect that outlasts the actual

presence of the solutions.

A final conclusion relates to our failure to document any signifiant

non-stroma related toxicity such as that reported by others. The recent docu-

mentation if toxicity by other investigators who have taken great care to

evaluate many forms of hemoglobin solutions continues to be disturbing. When

this information is combined with similar toxic reactions noted in humans

(21), then continued caution must be exercised in using these solutions in

clinical applications.

In the search for an ideal "blood substitute," even our imperfectly

developed stronia-free hemoglobin solution with limited oxygen off-loading and

intervascular retention should be considered a leading contender.
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Figure Legends

-yure 1 rotal run times prior to exchange (control), immediately followiny

exchange, 24 hours, 4U hours, and seven days fooinv A41aIye.

*P<U.05 (albJ:i.n exchange vs. others), + p<0.05 exchange vs.

control. Values dS medn + S.D.

Figure 2 Hematocrit values prior to exchange (control), immediately following

exchdng, 24 nours, 46 hours, and seven ddys following exchange.

*p<U.Ub (albumin exchanye vs. others), + p<0.U5 exchaige vs.

control. Values as ifltdn + S. .

Figure 3 Heart rates before and immediately following exchange.

*p<U.b (albumin exchange vs. others), + p<U.U5 exchange vs.

control. A. Resting heart rates. B. Maximun exercise heart rates.

C. Recovery heart rates. Values as mean + 5.u.

Figure 4 tArterial oxygien content prior to exchange (control), iimmeoiately

to] Ic sing exchange, 24 hour , 46 hours, and seven days following

exchange. *p<0.05 (dlulirl exchange vs. others), + p<0.05 exchange

vs. control. Values as mean + S.D.

Figure o histogrdo representing venus lactate values at rest before dnd after

exchdrijt trdrisfusions. *p<U. 0 5 albumin exchange vs. otiers.

5huK ,-sni, transfusion, ALHUMIN-albu iin transtusion, U-SFHS

- eriG'.cif2:ec strona-free nemIoglooin solution, N-SFHS-riodifieu stroma

f tie Iie~:~u; , u~jl n solution. Values dS mean + S.L.



TABLE I

ARTERIAL-VENOUS OXYGEII CONTEN4T DIFFERENCE

ARTERIAL- UNMODIFIED IhuuIFILU

VEN~OUS STROMA-FREE j STkUMA-FkEL

OXYGEN SH-AM ALBUMIh HEMOGLOBIN hMGuI

CO NT ENT

UIFFERENCE I
(cc/02/dl ) CONTRUL EXCHA"NGE CONROL IECHNE OTROL jEXCHANUE1 CONTROL fEXMANJE

1. Rest 4.9 -0.9 4.b + 1.4 b.o8 + 1.3 3.4 + 1.5 4.7 + 2.1 3.8, + 1.bj 6.2 - 1.31. +~* O .k-

1.Exercise 8,.3 + 0.8 7.8 + 2.2 8.2 + 1.814.5 + 1.2* 9.3 + 2<A6.5 + 1.41 9.3 + 2.116.9 + 0.5

~ .Rcvery 6 .8 6.3 + 0. b.3 + 2.0 3.6 + 0.4* 4.7 + 1.5 4.5 + 1.0~ 6.9 + 0.715.2 + 0.5

Control arnd excnrije results for anitiials tranrsfused Withl either thleir ownf blooai (Snam), 7%,/

albumiin, untiiodlfi ea Stra0na-fr'ee hernogiobin sol ution, or- mocified str ama-free hemrogi obi n

sal uti on.

*n=2, as only 2 of 5 albumin-exchanged animals Were capable of exercising POSt-transfusion.
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CORONARY FLOW DYNAMICS IN SWINE FOLLOWING PARTIAL EXCHANGE'
TRANSFUSIONS WITH HEMOGLOBIN AND ALBUMIN SOLUTIONS

William Y. Moores, M.D., Robert E.*Mack, D.V.M.,
Francis C. White, M.S., Colin M. Bloor, M.D.

Stroma-free hemoglobin solution (SFHS) has been found to be an ef-
fective blood substitute by many investigators who have shown its
efficacy in total and partial exchange models. Unfortunately,
other reports have documented significant toxicity (bradycardia and
increase blood pressure) in both animal studies (1) and human stu-
dies (2). We evaluated this problem utilizing a pig chronically
instrumented with an electromagnetic flow probe and pressure and
sampling catheters. This model allowed us to make detailed coro-
nary flow dynamic measurements in an unanesthetized animal subjec-
ted to a treadmill exercise stress.

Methods: Twelve swine (40-50 kg) of either sex were chroni-
cilly instrumented in a manner previously reported (3). Left ven-
tricular internal diameter ultrasonic dimension crystals were Im-
planted as indicators of global heart mechanics. Silastic cathe-
ters were placed in the descending thoracic aorta, the pulmonary
artery, and the left atrium. An electromagnetic flow probe was
placed around the ascending aorta to measure output. All catheters
and lead wires were brought out of the thoracic cavity via the
fourth intercostal space and then run subdermally to the back,
where they were cxternalized. Distribution of cardiac output was
deternined by injection of carbonized microspheres (15±10u m) and
regional blood flow was calculated allowing organ flows to be ex-
pressed in ml/min/g tissue. Four conditions were studied in each
an4-ial: 1) control rest; 2) control exercise; 3) exchange rest,
an 4) exchange exercise. The following measurements were obtained
at dch condition: 1) cardiac output; 2) arterial and left atrial

prE sure; 3) sonomicrometry-measured ventricular dimensions; and 4)
mic-osphere-determined organ flci. The two solutions prepared for
these experiments included: 1) ' 7% albumin solution prepared

using serum bovine albumin from a commercial source, and 2) a 7%
SFHS prepared using a modification of the technique described by
' reenburg.

Results: The results are summarized in Table I. Exercise
1 er y-resulted in an increased cardiac output and aortic pres-

sure; the greatest blood pressure was with the combination of SFHS
and exercise (p<O.OS SFHS vs. control and albumin exercise). The
exercise blood pressure response was blunted with albumin, which

355
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TABLE I

Albumin Solution Hemoglooin Solution

Control Test Control Test

Rest Exer. Rest Exer. Rest Exer. Rest Exer.

Aortic Blood 114± 131± 97± 107± 105± 127± 123± 150-
Pressure (mmHg) 9 12 19 12t 15 13 15 22*
Cardiac Output 116± 260± 179± 264± 98± 211± 99± 251t
(ml/min/kg) 31 86 45x 57 19 36 13 37
Coron. Resist. 1.11± 0.39± U.38± 0.15± 0.93± 0.29± 0.58± 0.24:
(nmHg/ml/0O0g) 0.15 0.09 0.98 0.04 0.19 0.08 0.18 0.03
Coronary Flow 10± 318± 310± 652± 106± 424± 178± 568±
(ml/min/100) 29 79 167 x 182t 30 139 59 109
Diameter 26± 27± 27± 25± 29± 32= 25± 35±
Shortening 11 12 10 9 6 9 1 7
tp<0.05 vs. control; *p<O.05 vs. control, albumin solution; Xp<O.O5
vs.controT, SFHS

had a significantly lower pressure (p<O.025) with exercise follo-
wing exchange with albumin. Coronary blood flow changes occurred
with exercise and exchange, but the changes over control values
(both at rest and with exercise) reached statistical significance
(p<0.025) only with the albumin exchange. When these coronary flow
results were combined with the pressure drops across the myocardium
to obtain coronary resistance values there were significant reduc-
tions with both exchange and exercise, however when the resistance
changes from the control conditions were compared between the albu-
min and SFHS exchanged animals there were no significant differ-
ences. In neither case did the exchange transfusion result in an
increased coronary resistance, and the measured decrease in coro-
nary resistance was somewhat less with SFHS than with albumin.
Systolic performance, as measured by diameter shortening, did not
differ with exchange using either solution.

Discussion: The results in these animals provides evidence
for both the efficacy and safety of SFHS, although there were phy-
siologic changes from the control situation with exchange transfu-
sions using either solution. However, these changes were gener-
ally less with SFHS.. There was no evidence for coronary vasocon-
striction with SFHS and the vasodilitation response was consistent
with the resultant drop in oxygen content that occurred with either
SFHS or albumin solution exchange.
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